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Preface 


The material in this book—a companion volume to “ Direct-current 
Armature Windings”’—is a carefully planned simplification of the principles 
and present-day practices of alternating-current armature windings. The 
detailed treatment of the various types of windings, and their applications 
to single-phase and polyphase machines, is essentially similar to the 
author’s teaching procedure used in his courses in a-c machinery. 

Considerable emphasis has been placed upon elementary principles and 
the relation between fundamental winding arrangements and their modern 
practical counterparts. In the discussion of the various types of con- 
struction, an attempt has been made to avoid gaps between ideas that are 
simple and easily understood and those which, because they are variations 
and combinations of basic types and connections, are apparently more 
complex. Numerous examples are given to illustrate important ideas, 
and these are generally supplemented by appropriate clear-cut sketches 
and photographs. The winding diagrams, representing as they do an 
important link between descriptive explanations and physical construc- 
tions and arrangements, have received very special attention; these are 
chosen, for the most part, from actual practical experience and are drawn 
simply, clearly, and to a scale that is easily traced. 

Single-phase windings—spiral, concentric, and skein types—are con- 
sidered first, in connection with their use in repulsion and split-phase 
motors. The subject next develops rather naturally to a study of the 
concentric-chain polyphase winding, which is, in fact, a variation of the 
type common to single-phase machines. Polyphase wave and lap windings 
are then taken up in succession to complete the important list of modern 
winding types. 

Multispeed windings for single-phase and polyphase motors are dis- 
cussed in considerable detail and are treated in a manner that is both 
original and easy to follow; the student should find this branch of the 
subject particularly worth while since it indicates the extent to which 
fundamental winding arrangements are modified to extend the possibilities 
of motor operation. Still another topic that is given rigorous treatment, 
again from a uniquely original point of view, is the fractzonal-slot lap 
winding; an entirely new method of laying out such a winding is presented 
in Chap. 18. 


Vi PREFACE 


The book is a thoroughly practical analysis of a subject that, far from 
being complex and difficult, is easy to master when studied carefully and 
systematically. Moreover, since the armature winding is the very heart 
of the a-c machine, it is felt that a familiarity with its principles and prac- 
tices is essential to an understanding of alternator and motor performance. 
Practical shop winders and others engaged in the operation of electrical 
machines should find the material particularly worth while; it should also 
be useful to those desirous of improving themselves by home study. In 
formal electrical courses the book will be found especially adaptable to 
trade, vocational, and engineering schools and as a supplementary text 
for students of a-c machinery. 


CHARLES S. SISKIND 


Wrst LAFAYETTE, INDIANA 
May, 1951 
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CHAPTER 1 


General Comparisons between D-c 
and A-e Armature Windings 


Before undertaking the detailed study of alternating-current armature 
windings, it will be desirable, in this introductory chapter, to make a 
number of generalizations concerning important similarities and differences 
between windings used in d-c and a-c machines. Such comparisons should 
prove extremely helpful to the student, assuming, of course, that he is 
familiar with the principles of d-c armature windings.* 


The Armature Winding and the Magnetic Field 

The primary function of every current-carrying armature winding is 
to create magnetism. To accomplish this most effectively, the copper coils, 
constituting the armature winding, must be arranged in definite symmetri- 
cal patterns in the slots of the armature core and joined together in accord- 
ance with well-established practices. 

In the modern d-c armature, which always rotates, the flux it creates 
is stationary in space. On the other hand, the magnetic field rotates in 
the usual polyphase a-c generator or motor where the armature winding 
is stationary. Note that the two types of machine differ from each other 
structurally, in that the armature winding rotates in one and is stationary 
in the other; however, they do function similarly, because in both types 
there is relative motion between the armature winding and its created 
magnetic field. 

In some special types of polyphase a-c motor, and in the rotary converter, 
a magnetic field that is stationary in space is created by a rotating armature 
winding. The split-phase single-phase a-c motor functions in still another 
way, namely: (1) During the starting period two stationary armature 
windings create a revolving magnetic field; and (2) after the rotor has 
reached normal speed, one of the stationary armature windings is discon- 
nected from service, at which time the specially constructed squirrel-cage 
rotor aids the single-stator winding in maintaining a revolving magnetic 


field. 


* Siskinp, C. S., ‘‘Direct-current Armature Windings,’ McGraw-Hill Book Com- 


pany, Ine. 
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The foregoing discussion, therefore, leads to the general statement that 
in any d-c or a-c machine there is always relative motion between 
the armature winding (or windings) and its created magnetic field. 
It is well to remember this very important fact, especially in the study of 
a-c windings, because it is helpful in understanding why armature coils 
are arranged and interconnected in the manner described in subsequent 
chapters. 


Closed-circuit and Open-circuit Windings 


All d-c armature windings are closed-circuit windings; for this reason 
they are said to be reentrant. In simplex or in multiplex singly-reentrant 


Armature coils connected to Armature coils connected fo /st. reertrant section 
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are illustrated for simplicity.) 


d-c windings, for example, all the coils are joined together in symmetrical 
succession at the commutator, so that tracing all the coils from any point 
always results in a return to the starting point. In multiplex doubly- 
reentrant, triply-reentrant, or, in general, multiple-reentrant d-c windings, 
tracing always results in two, three, or multiple complete closures. This 
is illustrated schematically in Fig. 1 for simplex, for duplex singly-reentrant, 
and for duplex doubly-reentrant windings. 

All a-c armature windings are open-circuit windings. This implies that 
the ends of each phase of a two- or three-phase winding (or the complete 
winding in the case of single-phase machines) are, in effect, connected to 
the source of supply for motors or to the load for alternators. In other 
words, each phase of a given armature winding is closed by means of some- 
thing external to it; for alternators this means the electrical load; and for 
motors, the corresponding windings of the alternator or transformer that, 
supply them with power. This is illustrated in Fig. 2 for a single-phase 
motor, a three-phase motor, and a three-phase alternator. 

It should be noted, therefore, that there is a fundamental difference 
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between a-c and d-c armature windings; 2.e., a-c windings are always 
open-circuited, whereas d-e windings are always closed-circuited., 

The fact that a-c windings do not close is not always apparent, and this 
is particularly true in polyphase machines where the individual phases 
are interconnected. In the three-phase delta-connected winding, for 
example, each phase must be considered independently of the others when 
the open-circuit distinction is applied. In the three-phase star-connected 
winding, on the other hand, each phase must be regarded as the portion 
between any one of the line terminals and the neutral point; the electrical 
potential of the neutral or star point is always the same as a real or fictitious 
neutral at the alternator, the transformers, or the load. The armature 
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Fic. 2. Simplified sketches illustrating that a-c windings are open-circuit windings. 


winding in the rotary converter may appear to be an exception to the 
open- and closed-circuit distinction, but this is not so if the d-c and a-c 
functions of the machine are considered separately. In the three-phase 
rotary converter, the armature winding should be regarded as a closed 
circuit when viewed from the d-c side; the same armature winding is delta- 
connected, with each phase open-circuited, when viewed from the a-c side. 
For the six-phase rotary converter, the armature winding, as before, is a 
closed circuit from the d-c end, and is mesh-connected, with each phase 
open-circuited, from the a-c end. 


Types of D-c and A-c Windings 

There are two general types of modern d-c armature winding, namely, 
lap and wave. The frog-leg winding is not a distinct type but a unique 
combination of a simplex-lap and a multiplex-wave winding. Both of 
_ these, lap and ‘wave, are also used in a-c machines, but a third type, the 
concentric or spiral winding, is also employed. The latter, as will be dis- 
cussed in detail subsequently, involves an arrangement in which the indi- 
vidual coils of a group, 7.¢., a subdivided portion of the entire winding, are 
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arranged concentrically with respect to each other. When regarded from 
the point of view of current flow, the winding is seen to consist of a series 
of spirals. 

In general, lap windings are used in polyphase motors, in some single- 
phase motors, and in most high-speed alternators. Wave windings are 
usually found on the rotors of certain polyphase motors. ‘The concentric 
winding is employed mostly in small single-phase motors and in slow-speed 
alternators of rather large physical dimensions. 


Parallel Paths in D-c and A-c Windings 


There are always an even number of parallel paths in d-c armature 
windings. In simplex-wave windings the total armature current divides 
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into two parallel paths; in simplex-lap windings the total armature current 
divides into P parallel paths, where P, always an even number, is the 
number of poles in the machine. The number of parallel paths in duplex, 
triplex, quadruplex, etc., windings is, respectively, two, three, four, etce., 
times as many as in simplex windings. Thus, a fowr-pole simplex-wave 
winding has two parallel paths; a sz¢x-pole simplex-lap winding has six 
parallel paths; an ezght-pole duplex-wave winding has four parallel paths; 
a ten-pole duplex-lap winding has twenty parallel paths. 

Hach phase of a-c armature windings can be one continuous series of 
coils from end to end or may be divided into any number of 7dentical 
parallel paths. This is true regardless of the number of poles for which 
the armature is wound. Thus, each phase of a 4-pole winding having four 
identical coil groups in each phase can be a simple, continuous series circuit, 
in which case the total phase current passes through every coil; moreover, 
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it can be connected to have two or four parallel paths, under which condi- 
tion each path carries one-half or one-fourth, respectively, of the total 
phase current. A 6-pole winding having six identical coil groups in each 
phase can have a simple series connection or two, three, or six parallel 
paths; a 12-pole winding having twelve identical coil groups in each phase 
can be series or can have two, three, four, six, or twelve parallel paths. 
Note that in each arrangement of parallel paths there is always exactly 
the same number of series coils in the individual parallel paths. Figure 3 
illustrates the possible arrangements of 18 coils of one phase of a 6-pole a-c 
armature winding. Observe that there are, in this example, the series, the 
two-parallel, the three-parallel, and the six-parallel possibilities. 


Arrangement of Coils in D-c and A-c Windings 

All the coils of a d-c armature winding are identical and are placed in 
the slots of the core in regular succession; the coil ends of each coil are then 
connected to commutator bars similarly located with respect to the sides 
of the coils. The construction procedure is, therefore, entirely systematic, 
and the resultant winding is completely symmetrical in the sense that all 
coils and commutator connections follow each other systematically; 7.e., 
what is done for the first coil is repeated for every succeeding coil. 

All the coils of lap windings or wave windings in a-c machines are identi- 
cal; those used for concentric (spiral) windings have several shapes and 
sizes. However, when the coils of any of the windings indicated are placed 
in the slots of the core, it is done with complete regularity; 7.e., the pro- 
cedure that is followed for one set or group of coils is repeated for every 
similar set or group of coils. But, and this is the important difference 
between d-c and a-c winding construction, when the individual coils are 
interconnected to form the completed a-c winding, it is necessary to join 
them together so that (1) the proper coils are grouped together to form 
pole-phase sections; (2) the proper pole-phase sections are combined to 
form the individual phases with the correct polarities; (3) the individual 
‘phases are interconnected to form the proper polyphase connection. Of 
course, in the single-phase winding, only pole and polarity groupings must 
be considered. 

To illustrate the above discussion, consider a 36-coil armature winding 
arranged for 4-pole 3-phase star-connected operation. 

Srep 1. Divide the 36 coils into 12 pole-phase sections, with three 
coils connected in series per section. 

Srmp 2. Labeling successive pole-phase sections A, B, C, A, B, C, etc., 
connect the A sections together to form one complete phase, making sure 
that this is done properly with regard to polarity; do the same for the B 


and C phases. 


. 
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Sree 3. Interconnect the three phases A, B, and C to form a star 
connection. 
Figure 4 indicates how this is done in the three steps outlined above. 
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Fic. 4. Sketches illustrating method for arranging a 36-coil, 4-pole, 3-phase, star-con- 
nected winding. 


Insulation for D-c a A-c Windings 


Before the coils of a d-c or a-c winding are placed in an armature core, 
insulating lining material must be carefully provided in the slots. This is 
done to guard against possible grounding of the winding, even though the 
individual coils are themselves given a suitable covering of insulation. 
Moreover, if the winding is of the double-layer type, where each slot con- 
tains two coil-sides of two different coils placed one above the other, it is 
also necessary to provide an insulating strip between the two layers. The 
reason for this practice is that line voltage may exist between the two layers 
of coil-sides. 

Where the individual coils are machine-formed, taped, dipped in an 
insulating varnish, and baked, no further insulations are necessary because 
the open core slots permit the insertion of the coil-sides in this carefully 
prepared manner. However, when slots are partially closed by overhanging 
teeth, a practice employed in the construction of many a-c machines, the 
coils cannot be completely formed in the manner indicated above. Instead, 
taping, dipping, and baking must be done after the individually formed 
coils are placed in the core by tediously slipping the wires into the slots one 
or more at a time. Since maximum voltage also exists between coil-sides, in 
the same layer, that are connected in different phases, it is necessary to 
provide added phase insulation between pole-phase sections. In Fig. 4a 
this would be in the spaces separating the 12 sections. This point will be- 
come clearer later when polyphase windings are discussed in detail and when 
photographs will illustrate the added insulation during the winding process. 
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Summary 

1. The function of all armature windings, d-c and a-c, is to create 
magnetism. 

2. All windings are arranged in definite symmetrical patterns in the 
slots of armature cores. 

3. In a d-c machine the armature winding always rotates, but the 
magnetic field it creates is stationary in space. 

4. In most a-c machines the armature winding (or windings) is station- 
ary, but the magnetic field, which it creates, rotates. In those a-c machines 
where the armature winding rotates, the magnetic field may or may not 
remain stationary, but in any case it does not rotate at the same speed as 
does the winding. 

5. In any d-c or a-c machine there is always relative motion between 
the armature winding (or windings) and its created magnetic field. 

6. All d-c armature windings are closed-circuit windings; 7.e., they are 
reentrant windings. 

7. All a-c armature windings are open-circuit windings. 

8. There are two general types of d-c winding, namely, lap and wave. 

9. There are three general types of a-c winding, namely, lap, wave, and 
concentric (spiral). 

10. There are always an even number of parallel paths in d-c armature 
windings. é 

11. Since a-c armature windings are open-circuited, they may be single- 
circuit or many-cireuit. If there is more than one circuit, the number of 
possible parallel paths must depend upon the number of identical sections 
that may be arranged. This will usually be determined by the number 
of poles for which the armature is wound. 

12. All the coils of lap windings or wave windings, d-c or a-c, are identical. 

13. Coils used for concentric (spiral) windings are of different shapes and 
sizes. 

14. Regardless of the type of winding, the coils are always placed in the 
armature core with complete regularity. Once the system has been estab- 
lished, the procedure is one of repetition. 

15. In a-c windings the individual coils are first joined together to form 
pole-phase sections, after which the proper pole-phase sections are com- 
bined to form the individual phases with the correct polarities. The 
individual phases are finally interconnected to form the proper polyphase 
connection, as, for example, star or delta. 

16. The armature coils in all windings must be properly insulated so 
that electrical breakdown does not occur between coils inside and outside 
the slots, and between the coils and ground. The insulating preparation 
must be carefully done if these aims are to be achieved. 


CHAPTER 2 


Elementary Principles of A-c Machines 


In the study of a-c armature windings it is important that the student 
have an elementary knowledge of a-c motor and generator (alternator) 
principles. It will, therefore, be the purpose of this chapter to review briefly 
some of the essential points that are thoroughly covered in texts dealing 
with electrical machines.* In this connection it will also be necessary to 
explain and define terms appearing repeatedly throughout the book. 


Frequency of the Generated Alternating Voltage 


In modern alternators, it is customary to place an armature winding on 
a ring type of stationary laminated steel core and mechanically rotate a 
set (an even number) of salient (shaped) poles inside the core. Relative 
motion, therefore, exists between the stationary conductors in the stator 
(stationary core) and the revolving poles. As a result, voltages are gener- 
ated in the armature conductors. 

Since the direction of the generated voltage in any armature-winding 
conductor depends upon whether the latter is cut by flux from a north or 
south pole, it should be clear that one complete positive and negative 
pulse of voltage, one cycle, will occur for every pair of poles. If the machine 
has only two poles (one pair), and if the speed of rotation is 1 revolution 
per second (60 revolutions per minute), the frequency will be P/2 cycles 
_ per revolution, where P is the number of poles on the rotating structure. 
It follows, therefore, that the frequency f in cycles per second of the gener- 
ated voltage in an alternator depends upon both the number of pairs of 
poles and the number of revolutions per second. Thus, 
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260 120 (1) 


where f = cycles per second 
P = number of poles 
rpm = revolutions per minute 


* SiskinD, C.58., “Electrical Machines—Direct and Alternating Current,”” McGraw- 
Hill Book Company, Inc. 
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Electrical Degrees 


Alternators are usually designed to generate sine waves of alternating 
voltage. This is done by properly shaping the pole faces and arranging the 
armature winding in accordance with well-established practices. If the 
machine has two poles, one sine wave cycle is developed for each revolution, 
2.e., for 360 mechanical degrees; and since each cycle is said to occur in 360 
electrical degrees, it is seen that for two poles mechanical and electrical 
degrees are identical. 

However, if there are four poles on the field structure, there will be two 
cycles for each complete revolution of 360 mechanical degrees. This implies 
that there will be 720 electrical degrees in the circumference of a four-pole 
machine. Moreover, for six-, eight-, ten-, etc., pole alternators there will 
be, respectively, 1,080, 1,440, 1,800, ete., electrical degrees for every 360 
mechanical degrees. Or, to put it another way, every 360 electrical degrees 
is contained in (2/P) X 360 mechanical degrees. Thus, in four-, six-, 
eight-, ten-, etc., pole alternators, each cycle of 360 electrical degrees 
occurs, respectively, in 180, 120, 90, 72, etc., mechanical degrees. In Fig. 4, 
for example, which schematically represents a four-pole machine, each pole- 
phase section covers 30 mechanical degrees, or 60 electrical degrees. 


Speed of A-c Motors 
Induction-type a-c motors employing armature windings, with which 
this book is mainly concerned, operate at speeds that depend upon two 
factors, namely, (1) the frequency of the source of supply and (2) the num- 
ber of poles for which the machine is wound. Such machines tend to run 
at somewhat less than the so-called synchronous speed, which may be 
calculated by revising Eq. (1) so that it is written in terms of rpm. Thus, 
120 
rpm (synchronous) = eee (2) 
The actual speed of induction motors is always less than the theoretically 
maximum synchronous speed, the difference being represented by what 
is termed the slip. If the latter is indicated as a decimal such as 0.04 or 
0.06 and is represented by the symbol s, the actual speed becomes 
120 
rpm (actual) = oe! Mh 9) (3) 
EXAMPLE 1. Calculate the actual speed of a 4-pole 60-cycle induction 
motor having a slip of (a) 0.03; (6) 0.05. 


Solution 
@ itt = re x (1 — 0.03) = 1,746 
pee ee 0,05) = 11.710 


(b) OO ar ge 
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Examp.e 2. (a) At what speed will a 6-pole 60-cycle induction motor 
run if the slip is 0.045? (b) What will be the speed of the same motor if 
connected to a 25-cycle source, assuming the same slip as in (a)? 


Solution 
2, ; 
(a) rom = axe sol = 0.045) = ide 
9 iz 
(b) Sone wx” x (1 — 0.045) = 477.5 


Note particularly that the speed of this type of motor 7s directly propor- 
tional to the frequency [compare parts (a) and (b) of Example 2] and is in- 
versely proportional to the number of poles [compare parts (a) of Examples 
1 and 2]. It is especially important to remember this, because induction 
motors lend themselves to major speed changes by rewinding or reconnect- 
ing an armature winding for different numbers of poles or by altering the 
supply frequency in some way. This problem will be considered in detail 
in subsequent chapters. 


Generated Voltage in Alternators 


As in d-c generators, the generated voltage in alternators depends 
directly upon (1) the speed at which they are operated, (2) the flux created 
by the poles, and (3) the number of series turns (or conductors) in the 
winding. Without attempting to derive the general expression for the 
magnitude of this voltage per phase when the emf varies sinusoidally 
(like a sine wave), the voltage equation may be written as follows: 


E = 4.44 foN X 10-78 (4) 


where FE = effective generated volts per phase 
f = frequency, in cycles per second 
@ = flux created by each pole, in maxwells 
N = number of series turns per phase 


It should be noted that the frequency term f takes into account the 
number of poles and the speed [see Eq. (2)]; also, term N is assumed to 
indicate that the generated voltages in all the conductors making up the 
total number of turns add arithmetically. (The latter is not strictly true, 
as will be pointed out later.) 


EXAMPLE 3. Calculate the generated voltage in each phase of an alter- 
nator, given the following particulars: P = 6;rpm = 1,200; @ = 3.2 X 10°; 
N = 156 


ELEMENTARY PRINCIPLES OF A-C MACHINES Li 


Solution 
_PXrpm _ 6 X 1,200 _ 64 
(a ee 
H = 4.44 foN X 107° = 4.44 X 60 X 3.2 X 10° & 156 X 10-8 = 1,330 volts 


The Pitch Factor 


In a-c armature windings of the lap or wave type, the individual coils 
are formed so that the two sides normally occupy slots that are equal to 
or less than a pole pitch. (A pole pitch is the circumferential distance be- 
tween the centers of two adjacent poles.) This is similar to the practice 
employed in the construction of d-c armature windings. Remembering 
that 1 cycle covers a distance of 360 electrical degrees and that this dis- 
tance is spanned by two adjacent poles, it follows that a coil span is 180 
electrical degrees or less. 

If the distance between the coil-sides of individual coils of a winding 
is exactly 180 electrical degrees, they are called full-pitch coils; the winding 
is then known as a full-pitch winding. However, if the coil span of such 
coils is less than 180 electrical degrees, they are called fractional-pitch 
coils; the winding is then known as a fractional-pitch winding. 

It was previously pointed out that the term N in Eq. (4) is assumed to 
indicate, for one thing, that the generated voltages in the individual con- 
ductors of the separate coils add arithmetically. This is partly true if the 
winding is full-pitch, for only then will the generated voltages in the two 
sides of individual coils, although varying from instant to instant, be 
exactly equal; under this condition the voltages generated in the two sides 
of each coil are said to be in phase with each other. On the other hand, 
when fractional-pitch windings are used, and this is most generally the 
case, the generated voltages in the two coil-sides of individual coils are no 
longer in phase; this means that the actual emf at the terminals of each 
coil will be less than that existing in full-pitch coils, other conditions re- 
maining the same. Therefore, Eq. (4) must be modified by introducing 
a reducing factor to take account of fractional-pitch windings; this is called 
the pitch factor and is represented by the symbol kp. 

If the circumferential distance between the coil-sides of individual coils 
is expressed by A°, in electrical degrees, then 


mAs 
i = <010 3S (5) 
Figure 5 illustrates several possible coils for a machine having nine slots 
per pole (36 total slots and 4 poles, for example), in which the coil pitches 
are 180, 160, 140, and 120 electrical degrees. Pitch factors k, are shown 
calculated and are, respectively, 1.0, 0.985, 0.940, and 0.866. 
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Exampte 4. Calculate the generated voltage per phase in Example 3 
if the pitch factor is 0.940. 
Solution 
E = 1,330 X 0.940 = 1,250 volts 


fea 


(a) kp=sin 82=10 (6) kp=sin 820985 (c) kp=sin 42-0940 (a) kp-sin "0666 


Fig. 5. Sketches illustrating ae for calculating the pitch factors kp of a machine 
having nine slots per pole. 


The Distribution Factor 


In addition to the pitch factor, it is generally necessary to apply another 
reducing factor to Eq. (4) to take account of the fact that the generated 
voltages in the coils connected in series in any pole-phase group (see Fig. 4) 
are not in phase with each other. This implies that the voltage developed 
in any pole-phase group is less than would exist in a single coil having ex- 
actly the same number of turns of wire as in the entire group. Windings 
in which several coils:are used in each pole-phase group are called distributed 
windings and have superior advantages over those in which single coils 
are used for each pole per phase. The latter are called concentrated windings 
and are seldom found in modern machines. 

The factor that must be used for distributed windings to further reduce 
the generated voltage, given by Eq. (4), is called the distribution factor 
and is symbolized by ka. It may be calculated by using the expression 


sin Ls 
—— ees) 
nm sin a 
where m» = number of coils in each phase group 
B° = electrical degrees between adjacent slots 


EXAmpue 5. In a 36-slot 4-pole 3-phase machine there are three coils 
in each phase group (36/4 X 3). The number of electrical degrees per 
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slot, B°, is 20° (180/9). Calculate the distribution factor and the new 
generated voltage for Example 4 


Solution 


sin 3X 20° 
2 sin 30° 0.5 
ka = ———, = sin 3 ees Ki ae 
3xein2 3 Xsin 10° 3 x 0.1736 


x 


oe = 1,250 X 0.960 = 1,200 volts 


Figure 6 illustrates a group of three coils connected in series, in which 
each coil has a span of 140 electrical degrees (k, = 0.940) and for which 
the distribution factor kg is 0.960. 


EXAMPLE 6. Calculate the distribution 
factor kg for a winding in which there are 
six coils in each phase group and where 
there are 10 electrical degrees between slots. 


Solution 
ao oo LU 
oe 2 sin 30° 
iia ae aT Ol pen <== Oo 
6 X sin 10 6 X sind Fic. 6. Sketch illustrating three 
2, coils in a distributed winding for 
0.5 which k, = 0.940 and ka = 0.960. 
= =, = 0.956 
6 X 0.0872 


The General Voltage Equation for Alternators 

Having considered the pitch and distribution factors, it,should now be 
apparent that Eq. (4) may be applied only to concentrated, full-pitch 
windings, under which condition k, and kg are both unity. 

However, when the winding is distributed and fractional, pitch, as is 
generally the case, the reducing factors k, and ka must be determined and 
applied in the calculation. This was done in Examples 4 and 5. 

To simplify the procedure in determining the effective generated voltage 
per phase for any winding, it is customary to combine all terms in a single 
general equation, written as follows: 


E = 4.44 f@Nk,ka X 10° a) 


Note particularly that k, and kg are always less than unity for fractional- 
pitch and distributed windings. This merely means that the voltages 
generated in the individual conductors and turns of a winding do not add 
arithmetically; they do in fact add vectorially, a mathematical operation 
that is performed by the use of the pitch and distribution factors. 
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EXAMPLE i Each phase of a 3-phase 4-pole 1,800-rpm alternator has 
128-turns. If the stator core has 48 slots, and the coil pitch is from slot 1 
to slot 10, calculate the generated voltage per phase, assuming that each 
pole produces 7.62 X 10° maxwells. 


Solution 
_ 4X 1,800 _ t 
f= Sabie es 60 cycles per second 
eee gD “a : SSIS 5 
Ame P SK IOP == es kp» = sin iets 0.924 
sin eee x 15° 
Aa SEy es = D - Ue 
ase are ha — gh) = a 0180s ee 
4 sin 5 


a 


E = 4.44 X 60 X 7.62 X 10° X 128 X 0.924 X 0.958 X 1078 = 230 volts 


Two-phase Windings 
A two-phase system is a combination of circuits energized by alternating 
electromotive, forces which differ in phase by 90 electrical degrees. (In 


e D4 
Bei 
g Me a0 
Art *} » Ave 
\ i oi ABO? 
ti ND ele es 
9) (degrees. ™ 
BeOS 
9p ne VA g 
Nap : > \ x ‘A 
; fae B; ei 
; nS?” 
Qa Op 
(a)-1W0-POLE (6)-FOUR-POLE 


Fic. 7. Schematic sketches illustrating arrangement of windings for a two-phase system 


practice the phases may vary several degrees from the specified angle.) 
Such a system may be provided by an alternator having two identical 
armature windings that are displaced from each other in space (on the 
armature core) by 90 electrical degrees. A three-phase system (see next 
article) may also be converted into a two-phase system by employing a 
suitable combination and connection of transformers. 

In the two-phase two-pole alternator, one set of two coils, connected to 
produce a north and south pole, creates a magnetic field along an axis that 
is exactly 90 electrical (or mechanical) degrees from the axis of another 
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magnetic field; the latter is created by a second set of two coils placed at 
right angles to the first set. Figure 7a illustrates the schematic arrange- 
ment of the two sets of coils A and B for the two-pole two-phase system. 
Where there are four or more poles there must be four or more sets of coils 
creating as many magnetic fields. Figure 
7b illustrates the schematic arrangement of 
four sets of coils A and B in which the 
angular displacement between adjacent coils 
is 90 electrical, or 45 mechanical, degrees. 
No attempt is made here to indicate the 
actual arrangement of the coils in the slots 
or the manner in which connections are 
made. Fie. 8. Simplified sketch illus- 

Figure 8 illustrates a simplified method [jn * fourwire two-phase 
of representing a two-phase system. Note 
that the windings are placed at right angles (90°) to each other and are 
entirely independent of each other. This arrangement is designated a 
four-wire two-phase system. 

The two windings of a two-phase system may be interconnected to form 
a three-wire two-phase system or a five-wire quarter-phase (four-phase) system. 


Egy=l0bvolls 


\ M \ ee 2 =707 
Neutral Eyl ¢ CSCS E=707 |! 
; (100xV2) “E=50 - ' 
i : i ; 
} 707! 


72M BARRA SY” 
SUID wel OHQOD 0 


(a)- THREE-WIRE (6/-FIVE-WIRE, QUARTER-PHASE 
Fic. 9. Two-phase systems in which the two windings are interconnected. 


These are shown in Fig. 9. If it is assumed that the voltage across each 
of the two entire windings A and B is 100 volts, then the voltage between 
the outer wires of the three-wire system, Fig. 9a, will be 100 X V2 or 
141 volts. In the five-wire system (Fig. 9b) the voltage between adjacent 
line wires will be 50 X v2 or 70.7 volts. 


Three-phase Windings 
A three-phase system is a combination of circuits energized by a-c electro- 
motive forces which differ in phase by 120 electrical degrees. (In practice 
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the phases may vary several degrees from the specified angle.) Such a 
system may be provided by an alternator having three identical armature 
windings that are displaced from each other in space (on the armature core) 
by 120 electrical degrees. A two-phase system may also be converted into 
a three-phase system by employing a suitable combination and connection 
of transformers. 

In the three-phase two-pole alternator, one set of two coils, connected 
to produce a north and south pole, creates a magnetic field along an axis 


an t 
B , degrees ae 


(a)-TWO-POLE (6)-FOUR-POLE 


Fic. 10. Schematic sketches illustrating arrangement of windings for a three-phas>» 
system. 


that is exactly 120 electrical (or mechanical) degrees from each of the axes 
of two other magnetic fields; the latter are created by two other sets of 
coils placed 120 electrical degrees from the first set and also 120 electrical 
degrees with respect to each other. Figure 10a illustrates the schematic 
arrangement of the three sets of coils A, B, and C for the two-pole three- 
phase system. Where there are four or more poles there must be four or 
more sets of coils creating six or more magnetic fields. (Each two sets of 
coils creates one magnetic field.) Figure 10b illustrates the schematic 
arrangement of six sets of coils A, B, and C, in which the angular displace- 
ment between coils of the proper polarity (to be explained later) is 120 
electrical degrees. No attempt is made here to indicate the actual arrange- 
ment of the coils in the slots or the manner in which connections are 
made. 

There are two common methods of interconnecting the three windings to 
form a three-phase system. These are, namely, (1) the star connection 
and (2) the delta connection, so designated because the simplified schematic 
sketches usually drawn to represent these connections resemble the three- 
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pointed star and the Greek letter delta (A). They are shown in Fig. 11. 
Note particularly that in the drawings of the star and delta sketches, 
phases A, B, and C are shown having the same general directions as those 
indicated by Fig. lla. Now then, if it is assumed that the voltage across 
each of the three phases is 100 volts, the voltage between any two line wires 
in the star connection will be 100 X V3 or 173.2 volts, and the voltage 
between any two line wires in the delta connection will remain 100 volts. 


Ec azlin2-- 
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(a)-THE STAR CONNECTION (6)-THE DELTA CONNECTION 
Fie. 11. Three-phase systems in which the three windings are interconnected. 


Summary 

1. In modern alternators, an armature winding is placed on a stationary 
ring type of laminated steel core, and a set of north and south poles is rotated 
inside the core. 

2. One cycle of alternating voltage will be generated for every pair 
of poles. 

3. The frequency in cycles per second is directly proportional to the 
number of pairs of poles and to the speed in rpm. 

4. The circumferential distance between the centers of adjacent poles 
is 180 electrical degrees. 

5. One cycle is generated in 360 electrical degrees. 

6. Every 360 electrical degrees is contained in (2/P) X 360 mechanical 
degrees. 

7. The synchronous speed of an induction type of motor is directly 
proportional to the supply frequency and inversely proportional to the 
number of poles. 

8. The actual speed of an induction motor is always less than the 
synchronous speed, the difference being termed the slip. 

9. The generated emf in one phase of an alternator is directly propor- 
tional to the frequency, flux, and the number of series turns. 
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10. A full-pitch winding is one in which the span of the individual coils 
is 180 electrical degrees. 

11. A fractional-pitch winding is one in which the span of the individual 
coils is less than 180 electrical degrees. 

12. The pitch factor is the number, always less than unity for a frac- 
tional-pitch winding, which takes into account the out-of-phase relation- 
ship in the generated voltages of two sides of a fractional-pitch coil. 

13. A concentrated winding is one in which there is only one coil for each 
phase per pole. 

14. A distributed winding is one in which there are several coils in series 
for each pole-phase group. 

15. The distribution factor is a number, always less than unity for a 
distributed winding, which takes into account the out-of-phase relationship 
in the generated voltages of the individual coils in a pole-phase group. 

16. The generated voltage per phase is directly proportional to the 
pitch and distribution factors. The pitch factor becomes less with decreas- 
ing coil spans; the distribution factor becomes less with an increase in the 
number of coils per phase group. 

17. A two-phase system is a combination of circuits energized by alter- 
nating electromotive forces which differ in phase by 90 electrical degrees. 

18. There are three general types of the two-phase system, namely, 
(a) the four-wire system, (b) the three-wire system, and (c) the five-wire 
quarter-phase system. 

19. A three-phase system is a combination of circuits energized by a-c 
electromotive forces which differ in phase by 120 electrical degrees. 

20. There are two general types of the three-phase system, namely, 
(a) the star connection and (b) the delta connection. 

21. In a three-wire two-phase system, the voltage between the outer 
wires is equal to V2 times the voltage per phase. 

22. In a five-wire quarter-phase system, the voltage between adjacent 
line wires is equal to V2 times the voltage per phase to neutral. (The 
voltage per phase to neutral is one-half of the entire phase voltage.) 

23. In a star-connected three-phase system, the voltage between any 
two line wires is equal to V3 times the voltage per phase, 7.e., the voltage 
between line and neutral. j 

24. In a delta-connected three-phase system, the line voltages are the 
same as the phase voltages. 


CHAPTER 3 


The Single-phase Concentric (Spiral) Winding 


Several general methods are used in winding slotted type cores for small 
single-phase motors. One of the most common of these is to arrange each 
group of coils under a pole (a pole group) into a sort of concentric con- 
figuration. When the current path is traced through one such properly 
connected set of coils, the conductors seem to form a spiral around a portion 
of the core. It is for this reason that windings constructed in this manner 
and considered in this chapter are called concentric windings or spiral 
windings. : 


Principle of the Spiral Winding 

It was previously pointed out that the function of the current-carrying 
armature winding is to create flux. For each group of coils, this flux results 
only because definite magnetic north and south poles are formed. ‘True, 
the poles are formed over a discontinuous body of steel represented by 
teeth and slots, and the polarities of these poles are changing from instant 
to instant; but the poles are just as effective as those produced by steady 
currents in d-c machines. 

Consider Fig. 12, which represents a portion of a slotted stator core of a 
small a-c motor. Assume that there is a large conductor in each of the slots 
carrying current in the direction indicated. Using the right-hand rule to 
determine magnetic polarity, conductors a and b may be considered as 
one turn of wire acting on tooth 3 to produce a north pole; likewise, con- 
ductors c and d may be considered as one turn of wire acting on tooth 3 
and teeth 2 and 4 to produce north poles; also, conductors e and f may be 
considered as one turn of wire acting on teeth 3, 2, and 4 and on teeth 1 and 
5 to produce north poles. Note particularly that tooth 3 is acted upon by all 
six conductors so that it will have the greatest magnetic strength; teeth 
2 and 4 are acted upon by four conductors so that their magnetic strengths 
will be less; teeth 1 and 5 are acted upon by only two conductors so that 
their magnetic strengths are the least. To indicate the relative strengths, 
the teeth have been labeled with N letters of different. sizes. 

Obviously, an actual winding does not consist of single elementary con- 
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ductors each carrying independent currents, as shown in Fig. 12. A much 
more practical way of accomplishing the same result is, of course, to use a 
single continuous wire wrapped around the teeth, as represented by Fig. 13. 
And, if the current directions are the same as those previously shown, the 


Fie. 12. Sketch illustrating portion of a stator core that is magnetized by current- 
carrying conductors. 


polarities will be similar. A careful study of the diagram should make it 

clear that the three-turn coil forms a sort of spiral around the five teeth, 

and it is this similarity that is responsible for the name spiral winding. 
To create strong magnetic poles it is necessary to have many ampere- 


Fie. 13. Modification of Fig. 12 Fie. 14. Further modification of 
showing the derivation of the term Fig. 12 showing a spiral winding in 
spiral winding. which each coil has several turns. 


turns (2.e., the product of amperes and turns). This may be accomplished 
by using a few turns of wire and much current or, vice versa, by having 
many turns of wire and a moderately low current. Since the latter is more 
practical in small machines, an arrangement similar to that shown in 
Fig. 14 is generally employed. In this diagram, three coils of wire are 
wound concentrically around the five teeth to form the proper teeth polari- 
ties. In practice it is customary to have a different number of turns in 
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each of the coils, the purpose being to create a flux-density distribution in 
the air gap, between stator and rotor, that is sinusoidal, 7.e., varying like 
a sine wave. 

If the coils are preformed on special equipment, previous to being placed 
in the proper slots, they constitute a group of concentrically shaped coils 
as illustrated by Fig. 15. Each of the 
coils has the requisite number of turns. 
Sometimes the individual coils of a pole 
group are formed separately, inserted in 
the slots, and then interconnected in 
series. More often, where high produc- 
tion schedules must be maintained, the 
complete pole group is wound on a gang 
mold with a continuous wire from end to 
end; this practice eliminates the solder- 
ing and taping operation that is necessary 
when the wire is cut for the individual 
coils of the group. The diagram illus- 
trates clearly why the terms spzral and ; ; 

; : Fic. 15. Sketch illustrating one 
concentric are both applied to the same pole group of three concentrically 
type of winding. formed coils. 
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Mush, or Hit-or-miss, Coils 

In winding coils for small machines where many turns of comparatively 
small wire are used, it is generally difficult and time-consuming to arrange 
the wires in systematic layers. A more satisfactory practice is to permit 
the wires to settle haphazardly, 2.e., “hit or miss,” in the winding space. 
Obviously, this method of winding coils requires more slot room than a 
procedure in which wires are carefully laid side by side and one above the 
other. The term mush or hit-or-miss is often applied to coils wound in this 
manner. They are used almost exclusively for concentric or spiral windings 
and are particularly adaptable to the construction of coils made in gang 
molds. The coil winder is, however, quite careful not to cross the wire from 
one side of a mold to the other; doing so tends to subject the insulation on 
the wires to mechanical and electrical failure, although the use of high- 
grade insulating materials on the wire lessens such tendency. Another 
reason for the use of mush coils is that good design ordinarily requires 
partially closed slots, 7.e., slots that have overhanging teeth. Under this 
condition it is impossible to use formed coils that would require open slots; 
the individual wires of the gang-mold untaped coils must be slipped through 
the narrow openings between the teeth one or two at a time so that they 
drop into the slots hit or miss. 
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Single-layer Winding 

Unlike most lap and wave types of winding found on both d-e and a-c 
armatures, where each slot contains two coil-sides one on top of the other, 
the a-c spiral winding is single-layer because there is only one coil-side in 
each slot. Moreover, the separate coils that make up a coil group are of 
different sizes; this should be clear from an inspection of Fig. 15. In its 
construction, therefore, it is necessary to insert the smaller coil in the two 
inner slots, surround this with a second coil whose axial and circumferential 
lengths are larger, then follow this up with as many additional larger coils 
as are required. And, except for a second similar spiral winding which 
must be placed over the first one in machines of the so-called split-phase 
type, the insertion of the coils and their interconnection completes the job. 


Connecting a Complete Concentric Winding 


It was previously pointed out [Chap. 2, Eq. (2)] that the speed of an 
induction type of motor depends upon the number of poles for which the 
armature is wound; the speed 7s, in fact, inversely proportional to the number 
of poles. When connected to a 60-cycle source, for example, a 2-pole ma- 
chine will operate at something less than 3,600 rpm, a 4-pole machine at 
slightly less than 1,800 rpm, a 6-pole machine at a little less than 1,200 
rpm, etc. 

Moreover, the number of poles for which the motor is wound is deter- 
mined by the number of pole groups of coils, each pole group being similar 
to that illustrated by Fig. 15. Therefore, before a machine is wound, it is 
necessary to divide the core arbitrarily into as many equal parts as the 
number of desired pole groups. The winder then proceeds to place a group 
of concentrically formed coils into each division of slots and teeth in accord- 
ance with the arrangement previously discussed. As the final step, it 
remains only to interconnect the winding so that the magnetic polarities 
created by successive pole groups are, at any instant, opposite, 7.e., north, 
south, north, ete. 

To illustrate, assume a 24-slot stator core to be wound for four poles. 
Dividing the core into four equal parts gives six slots per pole. <A three- 
coil group will, therefore, be placed into each division, after which the pole 
groups are joined together to yield, at any instant, poles of opposite polarity. 
Figure 16 represents a sketch of such a winding. It should be particularly 
noted how the four pole groups are interconnected so that four successive 
north, south, north, south poles are created. (Obviously, the indicated polari- 
ties change every half cycle.) 

Whenever it becomes desirable to spread each pole group over a slightly 
wider area, so that the center of the pole occupies a space that is more than 
one-tooth width, a second scheme of concentric coils may be employed. 
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This is shown in Fig. 17 for the same combination of slots and poles as in 
Fig. 16. In this arrangement the adjacent outer coil-sides of successive coil 
groups fall into the same slot. A special point should, however, be made of 
the fact that all the wires in any one slot must always carry currents in the 
same direction at any given instant, regardless of the coil arrangement. 
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Fia. 16. Concentric winding for a four-pole stator core containing 24 slots. 


The Skein Winding 


An extremely common modification of the concentric type of winding, 
and one that accomplishes essentially the same result as the latter without 
the need of making several coils of different sizes, is the so-called skein 
winding. As the name implies, it is one in which each pole group is wound 
from a single skein of wires. In practice the skein of wires having the 
proper number of turns and length is looped back and forth through the 
slots of the core to form a pole; this process is then repeated to form as 
many additional poles as are required. 

To understand how a skein winding is constructed and why it is merely 
a modification of the type previously discussed, 7.e., the concentric winding, 
it will be desirable to study the elemental steps in its evolution. Consider 
Fig. 18a, which represents six conductors placed in six slots of a stator core, 
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carrying currents in the directions indicated to create a south pole. Since 
it is absolutely immaterial how these conductors are connected together 
to create this south pole, so long as the current directions are not disturbed, 
a second possibility, other than the spiral connection shown in Fig. 13, is 
illustrated by Fig. 18b. Note that the current passes through the con- 
ductors in the following order: a to e, e to ¢, c to d, d to b, and finally from 


7wo coi! sides 
per slot ~ 


Iria. 17. Concentric winding for a four-pole stator core containing 24 slots. Note that 
slots 1, 7, 138, and 19 have coil-sides from the outer coils of adjacent pole groups. 


b to f. Observe also that this pole could have been formed by using a 
single conductor of the proper length in the following manner: (1) Bend 
the wire in half; (2) place conductors ¢ and d into the two inner slots and 
pull the extended wires until the looped part on the opposite side touches 
the core; (3) a half twist is made so that the wires cross, as at x; (4) loop the 
wires back through the next outside slots for conductors b and e, pulling the 
extended wires tightly until the looped parts on the opposite side touch 
the core; (5) another half twist is made so that the wires cross again, as 
at y; (6) loop the wires back through the outside slots for conductors a 
and f. Now then, if the current passes up in slot a and down in slot f, the 


THE SINGLE-PHASE CONCENTRIC (SPIRAL) WINDING 25 


directions will be correct to create a south pole, since such directions will 
be exactly similar to those of Fig. 18a. 
The actual winding, of course, has many conductors in each slot and not 
a single wire, as shown in Fig. 18. Assuming for simplicity that a correctly 
am Get, 


c 
(a)-SIX CURRENT-CARRYING CONDUCTORS (6)-WIRE SHOWN LOOPED BACK AND 


SHOWN MAGNETIZING STATOR CORE FORTH THROUGH SLOTS TO MAGNETIZE 
STATOR CORE AS IN (a) 


Fig. 18. Sketches illustrating first steps in evolution of skein winding. 


a 6 


measured skein of three turns was prepared, it would be looped back and 
forth in exactly the same way as previously outlined; the pole group would 
then appear like Fig. 19. Tracing the current flow through the wires would 
then result in the following sequence: a to e to c tod to b to f and back to a; 
the same sequence is repeated twice to com- 
plete the tracing of the three-turn skein. 
To further illustrate how the actual skein |, 
and the completed pole group appear, Fig. 20 
i 


is given. In examining these sketches it 
should be understood that the actual skein 
length, Fig. 20a, must be very carefully 
measured to the end so that the final loop fits 
snugly, without slack, against the next inner 
bundle of wires. For most practical purposes 
this length can be readily determined by ‘ , 
forming a single wire into the slots in exactly ee : Sagara Boh 
the same way as the skein of wires is actually pole group. 
arranged; obviously, careful allowance must 
be made for the bundle of wires that is represented by the single wire. In 
most cases it will be necessary to make several trial skeins and winding 
tests before a suitable size is found. 

It should not be inferred from what has been said thus far about skein 
windings that there is only one bundle of wires in each slot. Although 
this may be true in some special cases, it is usually more practical to pass 
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the skein back and forth through some of the slots twice or even three 
times. The reason for this practice is twofold, namely: (1) Skeins of fewer 
turns are easier to handle, and (2) it is generally more satisfactory, from 
the standpoint of machine operation, to have different numbers of wires 
in the various slots. Thus, for example, in Fig. 20, the skein might be 
passed once through slots ¢ and d, twice through slots b and e, and once 
through slots a and f. 
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(6)-SKEIN SHOWN PLACED IN SIX SLOTS 
OF A STATOR CORE 


Fig. 20. Sketches illustrating construction of skein and its arrangement in the stator 
core. 


After all the pole groups have been properly formed by the skeins, they 
are interconnected in exactly the same manner as illustrated by Figs. 16 
and 17, to create a succession of north-south poles. 


Summary 

1. A concentric, or spiral, winding is one in which each pole group is 
formed so that the current may be traced through wires in the slots to give 
the effect of a spiral around a portion of the core. 

2. When each pole group consists of a set of coils of different size, each 
larger coil fitting around an inner smaller coil, the effect is like joining 
together a set of concentrically shaped coils; the name concentric winding 
is, therefore, appropriate. 

3. The conductors surrounding a small part of a stator core in each 
pole group of a spiral winding creates the strongest magnetic field at the 
center; the field diminishes in strength toward the outside of the spiral. 

4. The fundamental reason for statement 3 is that any turn of wire 
creates flux only within, never outside, the turn. Thus, in any spiral wind- 
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ing there are more ampere-turns acting on the center section than on any 
other part of the pole section. 

5. In some concentric winding constructions, the individual coils of 
each pole group are formed separately, after which they are interconnected 
in series. 

6. In other concentric winding constructions, a complete pole group 
is wound on a gang mold with a single continuous wire from end to end. 

7. A mush, or hit-or-miss, coil is one in which the individual wires of a 
coil settle into the winding space haphazardly, as distinguished from a 
systematic arrangement of wires in layers and rows. 

8. Mush coils are most common on small machines, since they are 
simpler and quicker to wind. 

9. Mush coils must be used in machines in which the stator core has 
partially closed slots; the individual wires must be slipped through the 
narrow openings between the teeth, one or two at a time. 

10. Concentric windings are generally single-layer in the sense that 
there is but one coil-side per slot. They differ from the lap and wave types, 
found in both d-c and a-c armatures, where there are two coil-sides per slot; 
the latter are double-layer windings. 

11. There are always as many pole groups as poles in concentric windings. 
In general, the number of pole groups determines the speed of induction- 
type machines. 

12. Successive pole groups in conventional concentric windings produce 
opposite polarities. 

13. In general, the number of slots in a stator core is divisible by the 
number of poles for which the machine is wound. 

14. In some arrangements of concentric-type windings, it is desirable 
to place the outer coil-sides of successive coil groups into the same slot. 
This makes it possible to spread each coil group over a slightly wider area. 

15. A skein winding is a modification of the concentric winding. 

16. A skein winding is one in which each pole group is wound from a 
single skein of wires. This practice eliminates the necessity of forming a 
set of coils that are different in size for each pole. 

17. The skein always contains several turns of wire and must be properly 
measured so that the final loop fits snugly, without slack, against the next 
inner bundle of wires. 

18. A skein may be measured for length by forming a single wire into 
the slots in exactly the same way as the skein of wires is actually arranged. 

19. It is frequently desirable, in the construction of the skein winding, 
to pass the skein back and forth through some of the slots twice or even 
three times. This practice makes it easier to insert the winding, since 
there are fewer wires in the bundle; it also permits the winding to have 
different numbers of wires in the various slots. 


CHAPTER 4 


Windings for Repulsion-type Motors 


The general principles of spiral and skein windings discussed in Chap. 3 
are applicable to several types of the single-phase motor. There are, how- 
ever, a number of constructional variations of the simple arrangements 
indicated by Figs. 16, 17, and 20; these depend upon (1) the number of 
slots and teeth in the core, (2) whether the motor is a repulsion or split- 
phase type, (3) whether the coil groups are to be connected in the con- 
ventional manner or for consequent-pole operation, and (4) whether the - 
motor is to be connected for a single-voltage operation or for either 115- 
or 230-volt operation. This chapter will deal with some of the practical 
winding arrangements generally used on such modern machines. 


Stators for Repulsion-type Motors 

There are three general classifications of the repulsion type of motor,* 
namely, (1) the repulsion-start, (2) the repulsion, and (3) the repulsion- 
induction. They differ in their operating performances only because their 
rotor constructions and brush mechanisms are different; all have similar 
stator cores and windings. 

Repulsion-type motors in the smaller sizes (1/8 to 3/4 hp) generally 
have stators in which there are 24, 32, 36, or 48 slots. In some of the larger 
machines (ratings up to 15 hp) it is customary to use stator cores having 
more than 48 slots. However, in most cases the nwmber of slots divided by 
the number of poles is an integer. Thus 24-, 32-, 36-, and 48-slot stators are 
generally used for two- and four-pole motors; six-pole machines usually 
employ 36-, 48-, 54- and 60-slot stators; and 32-, 48-, 56-, and 64-slot 
stators may be wound for eight-pole operation. Motors wound for more 
than eight poles are extremely rare because, for single-phase service, they 
are expensive to build and quite inefficient. The 36-slot stator is un- 
doubtedly used in greater numbers than any of the others. This is true 
because (1) it can be wound for two-, four-, and six-pole operation, so that 
a single lamination can serve for the three most popular speeds, 7.e., 3,600, 


* Siskin, C. §., “Electrical Machines,’ Chap. 10, McGraw-Hill Book Company, 
Inc. 
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1,800, and 1,200 rpm*; (2) it is the most desirable lamination, from the 
standpoint of satisfactory motor performance, for 1/6-, 1/4-, and 1/3-hp 
motors, the sizes that are manufactured in the greatest numbers. Figure 21 
is a photograph of a typical 36-slot stator ready for winding. 


Fig. 21. Unwound 36-slot stator used for small single-phase motors. (Reliance Electr.c 
and Engineering Co.) 


Windings for Repulsion Motors 

Only one complete concentric or skein winding is necessary for the stators 
of repulsion-type motors. The winding on the rotor of repulsion-start and 
repulsion motors is the same as that used on d-c armatures, while the rotor 
on a repulsion-induction machine has both a d-c armature winding in an 
outer set of slots and a squirrel cage in another set of slots directly below. 

As illustrated by Figs. 16 and 17, there are generally two ways of arrang- 
ing the coils in the stator slots for a spiral or skein winding; they differ only 
in the spread of each pole group. In one arrangement, Fig. 16, each pole 
group of coils occupies its own set of slots, and there is no overlapping of 
the outer coil-sides of adjacent pole groups; in the second, Fig. 17, the slots 


* The speeds listed are 60-cycle synchronous speeds. Actual speeds for induction 


motors are slightly less than those given. 
+ Sisxrnp, C. S., “‘ Direct-current Armature Windings,”” McGraw-Hill Book Company, 


Inc. 
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into which the outer coils are placed contain two coil-sides from adjacent 
pole groups. 

When the 36-slot stator is used for a four-pole winding, the two possi- 
bilities may be represented by the simplified sketches of Fig. 22. In the 
first arrangement, Fig. 22a, each pole group of four coils spans eight teeth, 
and the inner coils surround one vacant slot and two teeth; in the second 
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Fig. 22. Two arrangements of coil groups for a spiral or skein winding. . Only two of 
the four groups are shown in each case. 
arrangement, Fig. 22b, each pole group of four coils spans nine teeth, and 
the inner coils surround two vacant slots and three teeth. Note also in 
the latter sketch that slots 1, 10, 19, and 28 (not shown) contain two coil- 
sides, each one from the outer coils of adjacent pole groups. In some 
designs in which there are only three coils in each pole group, the inner, or 
smallest, coils of Fig. 22 are omitted; in such arrangements, therefore, the 
inner coils surround four and five teeth, respectively. 

A complete skein winding diagram for a 36-slot 4-pole repulsion-type 
motor is shown in Fig. 23. The heavy lines represent many wires of a 
skein bundle. In studying the winding carefully, the following points are 
of particular significance: (1) Each pole group contains three coils surround- 
ing three vacant slots and four inner teeth; (2) the first skein is started in 
slots 3 and 7 outward (away from the winder in the actual machine), while 
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the second, third, and fourth skeins are started outward in slots 12 and 16, 
21 and 25, and 30 and 34, respectively; (3) the first (inner) and third (outer) 
coils of each pole group are looped through the slots once, while the middle 
coils are looped through the slots twice; (4) the slots in which the inner and 


2 coll sides per slor, Vacant slots «>. 


Ni \ nner coil l 
“Middle coil 2 
‘Outer Coll 3 
Fic. 23. Skein winding for 36-slot four-pole repulsion-type motor. Note that the 


middle coils of the pole groups are looped twice through the slots 2, 8, 11, 17, 20, 26, 29, 
“and 35. 


outer coils of each pole group are placed contain single bundles of wires, 
while those slots in which the skein is looped through twice contain two 
bundles of wires — note that slots 2 and 8, 11 and 17, 20 and 26, and 29 
and 35 have double bundles; (5) the four pole groups are connected in 
series, so that successive groups always carry currents in opposite direc- 
tions, 2.e., clockwise and counterclockwise. If, for example, each skein 
were wound with 20 turns of wire, the inner and outer coils of all pole 
groups would have 20 turns each, while the middle coils would each have 
the equivalent of 40 turns. 
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Figure 24 shows a second arrangement of coils in a winding for a 36-slot 
4-pole repulsion-type motor. With proper design this complete concentric 
form of winding is, for all practical purposes, electrically similar to that 
illustrated by the skein winding of Fig. 23. Several important construc- 


Fic. 24. Concentric winding for a 36-slot four-pole repulsion-type motor with four 
leads brought out so that the machine can be connected for 115- or 230-volt operation. 
For 230 volts, connect a to B and use A and b as line leads. For 115 volts, join A to B 
and join a to 6; then use the junction points as line leads. 


tional differences should, however, be noted: (1) There are four concen- 
trically formed coils in each pole group (three could have been used); 
(2) the inner coils of each pole group surround two vacant slots and three 
teeth; (3) there are two coil-sides in each of the slots into which the outer 
coils are placed—note slots:1, 10, 19, and 28. A photograph of a completely 
wound stator illustrating the concentric type of winding, here discussed, 
is shown in Fig. 25. Clearly seen are the concentrically shaped coils and 
the slot wedges holding the coils in place in the slots. 
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It should now be pointed out that, although the skein and concentric 
windings are electrically similar, the concentric arrangement of coils lends 
itself to somewhat better design and therefore superior motor performance. 
The reason for this is that each one of the concentric coils in any pole group 
can be wound with the proper number of turns, determined by well-known 


Fic. 25. Completely wound four-pole stator of a repulsion-type motor. (Wagner 
Electric Corp.) 


design procedures. This is not true of skein windings where the number 
of turns in the various coils are definite multiples of the skein bundle. For 
example, in the concentric winding there might correctly be a total of 112 
turns in a four-coil pole group divided into 16, 31, 42, and 23 turns in the 
individual coils, inside to outside, respectively. On the other hand, the 
best approximation that a skein winding could have, with a total of 112 
turns in a three-coil pole group, is a 28-turn skein in which the inner and 
outer coils have 28 turns each, and the middle coil, with a doubled-back 
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skein, has 56 turns. As a rule, however, the operating motor advantage 
that results by using the concentric winding is offset by the lower manu- 
facturing cost of the skein-wound machine. 


Fria. 26. Completely wound four-pole stator showing four leads brought out for opera- 
tion on 230 or 115 volts. (Wagner Electric Corp.) 


Windings for Two Operating Voltages 


It is frequently desirable to manufacture motors so that they may be 
connected to either of two common a-c voltages, 7.e., 115 volts and 230 
volts. This is very simply accomplished by designing the winding so that 
when all pole groups are connected in series the motor is used with the 
230-volt source. If the same winding is then connected in two parallel 
sections it can be served by a 115-volt source. In both cases the voltage per 
pole group is exactly the same, since 230 volts divided by all of the pole 
groups in series (for example, 230/4) is the same as 115 volts divided by 
half the pole groups (115/2 for the same example). 


WINDINGS FOR REPULSION-TYPE MOTORS 35 


Figure 24 illustrates how the leads are brought out in a four- pole 230/115- 
volt motor. Note that opposite pole groups only are connected in series; 
leads A and a are the ends of two series pole groups, and leads B and b 
are the ends of the other two series pole groups. Thus, if aand B are joined 
together, the winding will be connected for 230 volts; successive coil groups 
will, of course, carry currents in opposite chrogo money Moreover, if A is 
joined to B, and a is joined to b, the junction points may be connected to a 
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Fie. 27. Schematic wiring diagrams showing how two-, four-, and six-pole windings are 
connected for 230- and 115-volt operation. 


115-volt source; here again successive coil groups always carry currents in 
opposite directions. A photograph showing a dual-voltage stator for a 
repulsion motor is depicted in Fig. 26. The four leads brought out through 
the sides of the frame may be connected for operation on either 230 or 
115 volts. 

Figure 27 illustrates schematically how two-, four-, and six-pole motors 
should be connected for 230- and 115-volt operation. Note particularly 
that in each pole combination the voltage across each pole group is the same. 


Simplified Diagrams of Concentric or Skein Windings 

Completely developed diagrams like those illustrated in Figs. 23 and 24 
emphasize constructional details that are basic to an understanding of 
single-phase winding practice. However, as soon as the principles and the 
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techniques of such windings are mastered, it is no longer necessary to show 
them in this elaborate way; simpler diagrams that are just as effective and 
easier to read may be drawn to represent the many variations that are 


M5-volt source 


(a)-SERIES CONNECTION (6)-TWO-PARALLEL CONNECTION 
Fic. 28. Simplified winding diagrams for a two-pole repulsion-type motor. 
employed on modern machines. The simplified winding diagrams that 
follow have been made in this way; when studied for their broader mean- 
ings, therefore, it should be understood that they attempt to simulate 
concentric or skein type of construction. 
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(a)-SERIES CONNECTION (6)-TWO-PARALLEL CONNECTION 
Fic. 29. Simplified winding diagrams for a four-pole repulsion-type motor, 


Figure 28 illustrates a two-pole winding diagram in which there are seven 
coils in each pole group. Note that the arrows are drawn to indicate an 
assumed instantaneous direction of current flow so that a north ( clockwise) 
and a south (counterclockwise) pole are created. Figure 28a shows the 
series, 230-volt connection, while Fig. 28b is the two-parallel connection 
for 115-volt service. 
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Figure 29 represents a four-pole winding diagram in which there are four 
coils in each pole group (similar to that of Fig. 24). Here again the con- 
nections are made so that successive pole groups create opposite polarities 
at any time instant; note that the arrows are arbitrarily drawn to indicate 
north (clockwise) and south (counterclockwise) poles. 

A winding diagram for a six-pole 
motor is shown in Fig. 30. Each pole 
group is seen to have four coils and is 
properly indicated as carrying cur- 
rent for the proper (north or south) 
polarity. A common procedure is to 
bring out four leads so that the wind- 
ing may be connected for 230-volt 
(series) or 115-volt (two-parallel) 
service. This is done here as it was 
in Fig. 24. 


Reversing Repulsion Motors 


Repulsion-type motors have a set 
of short-circuited brushes that rest 
on the commutator of the revolving 
rotor. The position of the brushes 
with respect to the stator winding 
determines the direction of rotation 
of the rotor. Asarule, there are two Fic. 30. Simplified winding diagram for 
etched marks on one of the end bells 2 six-pole repulsion-type motor, with four 


ous _, leads brought out so that machine can 
of the motor that indicate the best be operated from a 230- or 115-volt source. 


positions to which a pointer, fastened For 230 volts, join B to a and connect 
to the brushes, should be moved for A and } to line terminals. For 115 volts, 
h As rect Pent connect the junction of A and B to one 

one or the other directions of rota- line terminal, and the junction of a and b 
tion. ‘To move the brushes so that to the other line terminal. 
the pointer lines up with one or the 
other indications, a set screw must be loosened; after the brushes are moved 
to the desired position, the set screw must be tightened. If the brushes are 
moved so that the pointer is on the left mark, the rotor will turn counter- 
clockwise; if it is on the right mark, clockwise rotation will result. In some 
special applications of repulsion motors, the brushes may be moved to 
either position by the operation of a foot treadle so that the motor may be 
made to rotate clockwise or counterclockwise as desired. 

The important point to remember is that repulsion-type motors 
cannot be reversed by changing winding connections or interchang- 


ing line terminals. 
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Summary 

1. Spiral and skein windings are used in several types of single-phase 
motor. 

2. There are three general constructions of the repulsion type of motor; 
these are called repulsion-start, repulsion, and repulsion-induction, accord- 
ing to the manner in which the brush mechanism operates and the rotor 
winding or windings are arranged. 

3. A number of variations of the concentric or skein windings are used 
in the design of single-phase motors. 

4. The number of slots in the stators of repulsion-type motors depends 
upon (1) the number of poles for which the machine is wound and (2) the 
size of the motor. 

5. The 36-slot stator lamination is the most generally used for single- 
phase motor service because (1) it can be efficiently wound for two-, four-, 
and six-pole operation and (2) it provides the most satisfactory number of 
slots for use in 1/6-, 1/4-, and 1/3-hp motors, the sizes that are manufac- 
tured in the greatest numbers. 

6. Only one complete concentric or skein winding is necessary for the 
stator of a repulsion-type motor. 

7. The rotor of the repulsion-type motor has a d-c armature winding, 
and in some cases an additional squirrel cage. 

8. There are two general variations of the concentric or spiral winding; 
they differ from each other only in the spread of each pole group. 

9. In one pole group arrangement of coils, the latter occupy their own 
set of slots; in the second arrangement, the slots into which the outer coils 
are placed contain two coil-sides from adjacent pole groups. 

10. Concentric and skein windings, although electrically similar, differ 
in their ability to provide equivalent motor performance in machines that 
are otherwise identical. 

11. The concentric winding can be designed so that each coil in a pole 
group has the proper number of turns for best motor performance. 

12. The skein winding must be designed so that the number of turns in 
the various coils of a pole group are definite multiples of the skein bundle. 
This procedure makes it necessary to use an approximation of the best 
turn arrangement. 

13. Windings are frequently designed so that they may be connected 
for either 230- or 115-volt operation. 

14. For 230-volt service, windings are generally connected with all pole 
groups in series; for 115-volt service, the same windings are connected in 
two parallel groups. 

15. It is important to understand that the voltage across each pole group 
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in a given motor winding must be the same for 230-volt or 115-volt opera- 
tion. 

16. Adjacent pole groups must be connected so that opposite polarities 
are produced at any time instant. 

17. Windings are frequently designed so that four leads are brought out 
in order that they may be connected externally for 230- or 115-volt service. 

18. Repulsion-type motors have a set of short-circuited brushes that 
rest on the commutator of the revolving rotor. The position of the brushes 
with respect to the stator winding determines the direction of rotation of 
the rotor. 

19. Repulsion-type motors cannot be reversed by changing winding 
connections or by interchanging line terminals. 


CHAPTER 5 


Windings for Split-phase Motors 


The split-phase type of motor is used in greater numbers than any other 
connected to single-phase sources of supply. It is generally manufactured 
in fractional-horsepower sizes and many styles, offering the user of such 
machines a choice of a number of desirable operating characteristics. 
Several constructions are available, namely, (1) straight split-phase motors, 
(2) those that employ a capacitor during the starting period only, (3) those 
making use of one capacitor during the starting period and another for 
running duty, and (4) others in which the same capacitor is kept in service 
continuously. In all, however, the same winding arrangement is commonly 
used; this is a combination of two concentric or skein windings that are 
displaced on the stator core 90 electrical degrees from each other. It will 
be the purpose of this chapter to discuss such windings. 


Main and Auxiliary Windings 

Unlike the rotor of a repulsion-type motor, which has a d-c armature 
winding and a commutator, the split-phase motor rotor always employs 
the squirrel-cage construction. And, whereas the starting ability (starting 
torque) of the repulsion type is developed because of the rotor winding 
and a set of short-circuited brushes that are properly located on the commu- 
tator, starting torque in the split-phase motor can result only if a second 
winding is placed in the same stator slots that already contain the one dis- 
cussed in Chap. 4. Therefore, for starting-torque purposes only, it is as 
though the second winding, in the stator of the split-phase motor, replaces 
the d-c armature winding on the rotor and its accompanying short-cir- 
cuited brushes in the repulsion-type motor. 

The second winding referred to in the foregoing paragraph is called the 
auxiliary winding. It is identical with any of the concentric or skein 
windings already discussed and is connected to the very same source of 
supply that serves the first winding; 7.e., the two windings are in parallel 
with each other. To distinguish the auxiliary winding from the first wind- 
ing, the latter is designated the main winding. In general, the main winding 
has more coils and turns per pole group and is wound with a heavier wire 


than the auxiliary winding. The two windings must always be located in 
40 
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the stator core so that they are displaced from each other in space by 90 
electrical degrees. 

By means of simplified sketches similar to those of Figs. 28 and 29, the 
relative positions of the main and auxiliary windings are shown, in Fig. 31, 
for a two-pole and a four-pole motor. The connections between pole 
groups have been purposely omitted so that the 90-electrical-degree phase 
displacement between windings may be emphasized. Note also that the 
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Fic. 31. Sketches illustrating the arrangement of the main and auxiliary windings in 
split-phase motors. 


main winding is shown with a continuous line, while the auxiliary winding 
is drawn with a dotted full line. 

In the actual split-phase motor, the main winding is put into the stator 
core first, so that it occupies the bottoms of the slots; the auxiliary winding 
is then placed on top of the main winding, carefully insulated from it, of 
course, so that it is near the inside cylindrical surface of the stator. 


Uses of Auxiliary Windings 

The most common use of the auxiliary winding in split-phase motors is 
to aid the main winding in its function to develop starting torque; the main 
winding operating by itself cannot do so. After the rotor reaches approxi- 
mately 75 per cent of normal speed [see Eq. (3), Chap. 2], the main winding 
alone will develop nearly as much torque as both windings acting together. 
When the rotor speed becomes the rated value, the torque developed with 
both windings in the circuit is less than when only the main winding is 
energized. It seems logical, therefore, to provide some sort of mechanism, 


- 
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actuated by a centrifugal device, or an electromagnetic relay, that will cut 
out the auxiliary winding at the proper instant. Many such mechanisms 
have been developed. In the common applications of this motor, desig- 
nated a straight split-phase motor, centrifugally operated governors are 


by Main winding 


Centrifugal switch 


SSO ROSS SSIS SS A-€ SOUrCE —=———————————— 


Fie. 32. Wiring diagram showing how the main and auxiliary windings and the cen- 
trifugal switch are connected in a straight split-phase motor. 


employed wherein a set of spring-loaded weights, mounted on the shaft, 
fly out at a predetermined speed; in the process a switch mechanism 
fastened to the end bell disconnects the auxiliary winding from the circuit. 
Figure 32 is a schematic wiring diagram illustrating the connections of the 


Centrifugal 


é switch 


Pia. 33. Wiring diagram showing how the main and auxiliary windings, the centrifugal 
switch, and the capacitor are connected in a capacitor-start split-phase motor. 


main and auxiliary windings and a simple centrifugally operated switch. 
When the speed of the rotor is at any value that requires both windings 
in the circuit, the spring tension is greater than the centrifugal forces 
exerted by the pivoted weights; the switch contacts are therefore closed 
and the auxiliary winding is energized. At the proper rotor speed, the 
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Fig. 34. Stator of a-capacitor-start split-phase motor with the electrolytic capacitor 
mounted on top. (Wagner Electric Corp.) 

centrifugal forces exerted by the weights are greater than the spring ten- 
sion; under this condition the contacts open and the auxiliary winding is 
disconnected from the source of supply. 

In some applications of the split-phase motor, the required starting 
torque must be much greater than that developed by the straight split- 
phase motor. By connecting a capacitor of the proper value in series in 
the auxiliary winding circuit, the motor may be made to have two to four 
times as much starting torque as one without capacitors. Such machines 
are called capacitor-start split-phase motors. A wiring diagram illustrating 
the manner in which the capacitor is inserted is shown in Fig. 33. In prac- 
tice the centrifugally operated switch cuts out the auxiliary winding at 
the same speed as it would in the straight split-phase motor. With the 
auxiliary winding disconnected, the motor continues to operate like a 
normal straight split-phase motor. Figure 34 illustrates a stator of a 
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capacitor-start split-phase motor, with an electrolytic-type capacitor 

mounted on the top of the frame. When the machine is ready for assembly, 

the two upper leads would be connected to the centrifugal switch; the four 
leads shown coming out of the junction box at the left may be connected 

so that the machine may be operated from a 230- or a 115-volt source. 

In order to utilize the auxiliary winding during the running as well as 
the starting period, it is necessary to have two capacitors and a special 
centrifugal switch. During the starting period, a SPDT centrifugal switch 
connects a high-value electrolytic capacitor in the auxiliary winding circuit. 

t& 
Running capacitor 


(0/1 type) 
Main winding ie 


Centrifugal switch -—— "TH = 


> 


Running cortacts- res 


Star titig cortacts / 
Starting capacitor ( electrolytic) 


Fic. 35. Wiring diagram showing the connections for a two-value capacitor split-phase 
motor. 


At the proper predetermined speed the starting contacts open and the 
running contacts close; in the process the high-value short-duty electrolytic 
capacitor is disconnected from, and a low-value continuous-duty oil-type 
capacitor is connected into the auxiliary winding circuit. Figure 35 illus- 
trates schematically how this is accomplished. Such machines, designated 
two-value capacitor split-phase motors, have superior starting and running 
characteristics, good efficiency and power factor, and are extremely quiet 
in operation. They do, indeed, approach the operating performance of 
two-phase induction motors, which they are intended to simulate. 

Still another variation of the split-phase motor dispenses with the cen- 
trifugal switch entirely and employs a continuous-duty oil-type capacitor 
in the auxiliary winding circuit. The purpose of such construction is-to 
imitate the running characteristics of the two-phase motor without attempt- 
ing to develop a comparatively high starting torque; in order to accomplish 
the latter, a much higher value of capacitance must be used during the 
starting period than the one suitable for the running condition. (As was 
pointed out in the foregoing paragraph, the two-value capacitor motor 
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develops high starting torque as well as good running performance.) 
Permanent capacitor split-phase motors, which these are called, are generally 
made in rather small sizes. They are used mostly in installations where 
very quiet operation is extremely important. A wiring diagram showing 
the connections in this motor is shown in Fig. 36. 


y Main winding 


Permanent capacitor 
‘a a, (011 type), 
y Auxillary winding J 


Fie. 36. Wiring diagram showing the connections for a permanent capacitor split-phase 
motor. 


Laying Out Windings for Split-phase Motor Stators 

If a split-phase type of motor is to develop starting torque, its stator 
must have both a main winding and an auxiliary winding; this is true 
whether or not there is a capacitor or centrifugal switch in series with the 
auxillary winding. To simplify the winding diagrams that follow, there- 
fore, capacitors and centrifugal switches are omitted, but it is to be assumed 
that these would or would not be included as the type of motor previously 
discussed demands. It is further assumed that either the concentric or 
skein form of winding is used. 
_ An extremely common split-phase motor stator is one having 36 slots 
and wound for four poles. As previously pointed out (see Figs. 23 and 24), 
two arrangements of coils are used. In some constructions, the overlapping 
coils are employed in both main and auxiliary windings. In others, there 
is a distinct separation of pole groups (Fig. 23), while in still others, one 
style is used for the main winding and the other for the auxiliary winding. 
Figure 37 illustrates a complete winding diagram for the previously men- 
tioned numbers of slots and poles. The pole groups of both main and 
auxiliary windings are shown ‘connected in series. It will be noted that 
the main winding (on the outside and represented with a continuous line) 
has four coils per pole group; it is of the overlapping style, where slots 1, 
10, 19, and 28 each have two coil-sides per slot. Each of the pole groups 
of the auxiliary winding (on the inside and represented with a dotted con- 
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tinuous line) has three coils per pole group, and there is a distinct separa- 
tion between pole groups. This diagram should be studied very carefully 
since it typifies much of the foregoing discussion concerning split-phase 
motor windings, as well as many others that follow. 


Auxihary__ ate 


winding ay 23; Main winding 


—, 


2 coll sides per slot 


Fie. 37. Complete winding diagram for a 36-slot four-pole split-phase motor stator. 


Bearing Fig. 37 in mind, a number of simplified winding diagrams will 
now be given to represent several combinations of slots and poles. In each 
case explanatory notes will emphasize important and significant items. 

Figure 38 illustrates a skein winding for a 24-slot two-pole motor. This 
diagram has been laid out straight for simplicity and may be readily com- 
pared with the more complete drawing if the following points are noted: 
(1) The upper portion represents the main winding (continuous line); 
(2) the lower portion represents the auxiliary winding (dotted continuous 
line); (3) there are five coils in each pole group in both the main and 
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auxiliary windings; (4) pole groups of main and auxiliary windings are 
connected in series; (5) overlapping coil constructions are used in both 
windings; (6) the skein type of winding is indicated because the numbers 
sal M, M, 
2 co/l sides per slot of  Scoils per pole group. at 
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Fic. 38. Simplified skein winding for a 24-slot two-pole stator of a split-phase motor. 
The pole groups in both main and auxiliary windings are connected in series. 


1 and 2 in each coil represent the number of times the skein is looped 
through the corresponding slots. 
Figure 39 illustrates a concentric winding for a 48-slot six-pole motor, 
Ms 
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Fia. 39. Simplified concentric winding for a 48-slot six-pole stator of a split-phase motor. 
The pole groups in both main and auxiliary windings are connected in two parallel paths. 


in connection with which the following points should be noted: (1) There 
are three coils per pole group in the main winding and two coils per pole 
group in the’ auxiliary winding; (2) this is called a two-parallel winding 
because both main and auxiliary windings are connected so that there are 
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two parallel paths in each; (3) there is no overlapping of pole groups in 
either main or auxiliary winding, since each pole group occupies its own 
set of eight slots; (4) the concentric type of winding is indicated because 
the individual coils in each pole group are shown connected together. 


Split-phase Motor Windings for Two Operating Voltages 

It was pointed out in Chap. 4 that repulsion-type motors can be designed 
for either of two operating voltages, 7.e., 230 volts or 115 volts. The same 
principles apply equally well to split-phase motor windings, with the added 
requirement that both main and auxiliary sections must be treated simi- 
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(a)- SERIES CONNECTION (6)-TWO-PARALLEL CONNECTION 


Fia. 40. Schematic wiring diagrams showing how a split-phase motor winding is con- 
nected for 230- or 115-volt service. 


larly. In general, where the 230-volt connection is desired, the pole groups 
of each of the main and auxiliary windings are joined in series (see Fig. 38); 
if the motor is to be used on a 115-volt service, the two-parallel connection 
must be employed (see Fig. 39). Schematic wiring diagrams, Fig. 40, 
illustrate how the connections must be made for a four-pole motor. When 
the two-parallel connection is used for windings having more than four 
poles, it is, of course, necessary to join together properly one-half of the 
pole groups in series for each of the parallel paths. 


Reversing Split-phase Motors 


The direction of rotation of a split-phase motor depends upon the manner 
in which the auxiliary winding is connected with respect to the main 
winding. Remembering that the main and auxiliary windings are always 
in parallel with each other, it should be clear that there are two possibilities 
when making this connection. Referring to Figs. 37, 38, and 39, one direc- 
tion of rotation will result if the junction of M, and A, is connected to one 
line terminal and if the junction of M» and A» is connected to the other line 
terminal. The motor will revolve in the opposite direction, in each case, 
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if the junction of M, and Az is connected to one line terminal and if the 
junction of M, and A» is connected to the other line terminal. The motor 
will not reverse if the line terminals are merely interchanged. 

A schematic wiring diagram showing how a four-pole split-phase motor 
is reversed is represented by Fig. 41. 

If it is desired to predetermine the direction in which a split-phase motor 
will rotate, the following rule should be applied: Rotation will always 
take place from a given magnetic polarity of an auxiliary winding 
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Fig. 41. Wiring diagrams showing how a split-phase motor is connected to rotate in 
either direction. 


pole to the same magnetic polarity of the next nearest main wind- 
ing pole. Referring to Fig. 41a, note that magnetic polarities of*main 
and auxiliary windings are indicated for clockwise rotation, where the 
junction of MM, and Ay, is connected to one line terminal and where the 
junction of M, and Az» is connected to the other line terminal. In this 
sketch the upper left auxiliary winding pole is north and the next nearest 
north main winding pole is the top one; rotation along the upper semicircle 
will therefore be from left to right, or clockwise. In Fig. 416 the auxiliary 
winding terminals A; and A, are interchanged with the main winding 
terminals, so that the junction of M; and A: is connected to one line terminal 
-and the junction of M2 and A; is joined to the other line terminal. Under 
this condition the upper right auxiliary winding pole is north, while the 
_ upper main winding pole remains north; rotation will now be along the 
upper semicircle from right to left, or counterclockwise. 

Applying the foregoing rule to Fig. 37, clockwise rotation will result 
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if the line terminals are connected to M.A, and M2Az, respectively; the 
motor will rotate counterclockwise for the M,A, and M,A, connection. 


Hand Winding and Special Equipment 

In manufacturing plants where large numbers of ‘‘standard” motors 
are produced, special tools and equipment are generally employed in the 
many necessary operations; 
this practice minimizes the 
amount of costly hand work 
and results in reduced costs 
and stepped-up production 
schedules. Many unique and 
ingenious devices and machines 
have been developed for such 
purposes, although it is usually 
true that individual manufac- 
turers have found it necessary 
to design and build their own 
equipment to fulfill particular 
requirements. In so far as 
winding operations are con- 
cerned, there are many styles 
of machines that are used to 
form skeins, mush coils, and 
involute coils, as well as nu- 
merous styles of gang molds, 
shuttle pullers, coil tapers, and 
the like. Since this phase of 
winding practice is beyond the 
scope of this book, the student 
is referred to special texts* and 


Fic. 42. Stand used for stator winding opera- manufacturers bulletins for 
tions. Note clamping rig, wire spool, and turn such information! 


counter. (The Martindale Electric Co.) : 
Repair shops are usually 


called upon to handle many kinds of winding and maintenance jobs and are 
obviously in no position to invest in expensive machinery and equipment 
that can be justified only on the basis of quantity production. In such 
places it is often necessary, therefore, to wind stators by hand or to use 
such special devices as may be useful in the winding of many types and 
styles of motors. A particularly useful construction of hand-winding stand 


* Van Brunt, G. A., and A. C, Roz, “Winding Alternating-current Motor Coils,” 
McGraw-Hill Book Company, Ine. 
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Fic. 43. Stator winding gun shown in use. (The Martindale Electric Co.) 


is shown in Fig. 42. Note the clamping rig in which may be mounted many 
sizes of stator, the convenient location of the wire spool, and the turn 
counter. This device is generally employed in hand-winding stator opera- 
tions where the wire is fed into the slots one at a time, an especially expen- 
sive and time-consuming practice. 

When stators must be wound by threading a single wire back and forth 
through the slots, it is often desirable to use a stator winding gun similar 
to that shown in Fig. 48. Such a gun helps speed up production of hand- 
wound stators (or rotors); moreover, it serves to produce a winding job 
that is tighter and more uniform. To use the gun, the stator is first clamped 
in the vise in such a manner as to permit the left hand to move back and 
forth under the stator. The counter is then hooked to the muzzle of the 
gun by means of a string. The wire, fed from behind the operator’s right 
side under little or no tension, is slipped through the gun from breech to 
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muzzle. After the starting end of the wire is secured on the operator’s 
side of the stator, the gun, with the brake released, is used to push or pull 
the wire through the slots. At the end of each stroke the brake is set 
against the wire by gripping the long trigger of the gun; while the left hand 
places the wire in position, the gun and the wire are given a pull to tighten 
the coil as it is wound. When one pole group is completed, the next one 
is wound in the opposite direction without cutting the wire. 


Split-phase Motor Projects for School Shops 


One of the most interesting and useful projects for electrical shops in 
vocational and trade schools is the construction of a split-phase motor. 


Fig. 45. Student shown putting in auxiliary winding after completing main winding. 
Parts for this machine are shown in Fig. 44. (General Electric Co.) 


This involves the winding of a stator and the complete assembly of the 
various units such as centrifugal switch, bearings, rotor, etc. Where ma- 
chine shop facilities are available, it is possible to fabricate all parts, but 
a more desirable arrangement for schools whose facilities and time limita- 
tions do not make this possible is to purchase well-designed kits containing 
everything necessary to wind a stator and assemble a motor. The parts 
for such a project are shown, in Fig. 44, for a 1/2-hp 1,725-rpm 230/115-volt 
capacitor-start split-phase motor. Clearly seen are the stator core, the 
rotor, end bells, bearings, centrifugal switch, capacitor, insulating ma- 
terials, bolts, and miscellaneous items. When the machine is constructed 
in accordance with given instuctions, the student will not only have a use- 
ful motor upon its completion but will learn important electrical principles 
in an extremely fascinating and practical way. Figure 45 illustrates a 
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young student putting in the auxiliary winding after having completed 
the main winding. 


Summary 


1. Split-phase motors are generally manufactured in fractional-horse- 
power sizes and many styles. 

2. Split-phase motors are manufactured in several constructions, re- 
ferred to as (a) straight split-phase, (b) capacitor-start, (c) two-value 
capacitor, and (d) permanent capacitor. 

3. Skein or concentric windings are commonly used to wind the stators 
of split-phase motors. 

4. Split-phase motor stators require two concentric or skein windings 
that are displaced 90 electrical degrees with respect to each other. These 
are called (a) main winding and (6) auxiliary winding. 

5. The main winding is always in service while the motor is in operation. 
The auxiliary winding is in continuous service in the two-value and perma- 
nent-capacitor motors; it is in service only during the short starting period 
in the straight and capacitor-start split-phase motors. 

6. Split-phase motors always have squirrel-cage rotors. 

7. Starting torque is developed in split-phase motors only because the 
main and auxiliary windings act together during the starting period. 

8. In general, the main winding has more coils and turns per pole group 
and is wound with heavier wire than the auxiliary winding. 

9. The main and auxiliary windings are always in parallel with each 
other when in operation. 

10. The main winding is put in the stator core first, so that it occupies 
the bottoms of the slots; the auxilary winding is placed on top of the main 
winding, so that it is near the inside cylindrical surface of the stator. 

11. In straight and in capacitor-start split-phase motors the auxiliary 
winding is cut out by a centrifugally operated switch when the rotor reaches 
approximately 75 per cent of normal speed. 

12. In two-value capacitor motors the auxiliary winding is in service 
continuously. There is an electrolytic-type capacitor in series with this 
winding during the starting period; a centrifugal switch cuts out the elec- 
trolytic capacitor and cuts in an oil-type capacitor after the motor comes 
up to speed. 

13. Capacitor-start split-phase motors develop two to four times as 
much starting torque as straight split-phase motors. 

14. Two-value capacitor motors have superior starting and running 
characteristics, good efficiency and power factor, and are extremely quiet 
in operation. 

15. Permanent capacitor split-phase motors are generally built in rather 
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small sizes. They are used where the applications require comparatively 
low values of starting torque but where extremely quiet operation is 
important. 

16. The 36-slot stator wound for four-pole operation is extremely com- 
mon in split-phase motor construction. 

17. Split-phase motors may be arranged for operation on either 230 volts 
or 115 volts. For 230-volt operation, the pole groups of each of the main 
and auxiliary windings must be changed to the two-parallel connection. 

18. Split-phase motors may be reversed by interchanging the auxiliary 
winding leads with respect to the main winding leads. 

19. The direction of rotation of a split-phase motor may be predeter- 
mined by applying the following rule: Rotation will always take place from 
a given magnetic polarity of an auxiliary winding pole to the same magnetic 
polarity of the next nearest main winding pole. 

20. Special tools and equipment are generally used in the manufacture 
of ‘“‘standard”’ type motors that are produced in great numbers. 

21. In repair shops special devices and equipment are used only to aug- 
ment the rewinding of many styles of motors, but these are generally em- 
ployed in hand-winding operations. 


CHAPTER 6 


Two-speed Windings for Split-phase Motors 


In many applications of the electric motor it is desirable, and sometimes 
essential, that the speed be controlled over rather wide limits. This is 
readily and efficiently accomplished when the drive is a d-c electric motor;. 
in such installations, field-resistance, armature-resistance, and armature- 
voltage control methods are generally used to obtain smooth, and virtually 
stepless, speed variations. When a-c split-phase induction-type motors 
are used, however, it is usually difficult, expensive, and inefficient to change 
the speed. Moreover, variations can no longer be stepless in the sense that 
there are smooth speed changes over a wide range, 7.e., there are definite 
speed steps, often many rpm apart. This chapter will be concerned with 
several winding arrangements used to vary the speed of such machines. 


Four-winding Motors for Two Speeds—Conventional 


Since the normal speed of a split-phase motor depends upon the number 
of poles for which it js wound (for a given frequenty the speed is inversely 
proportional to the number of poles), it should be clear that a motor stator 
that has two sets of windings (each main and auxiliary designed for a 
different number of poles) may be operated at one or the other of two 
speeds. Obviously, such a motor is physically much larger for a given 
horsepower and speed rating than a standard single-speed machine because 
it must have four windings, two mains and two auxiliaries. Depending. 
upon the selected speed, only one set of two windings is used at a time; one 
set is always idle. j 

This pole-changing method is employed to a limited extent, and only. 
when moderately good starting torque is desired for both winding combina- 
tions. In such designs the centrifugally operated switch must be made to 
open at the lower of the“two possible speeds, the one that is somewhat 
below the value that is best for the higher speed winding. For example, 
a 60-cycle motor having winding combinations of four poles and six poles 
will have its centrifugal switch set to open at about 1,000 rpm; this is about 
350 rpm less than is proper for the four-pole winding. A schematic wiring 
diagram illustrating how the four windings of a four-pole six-pole motor 


are connected is given in’ Fig. 46. Note that the centrifugal switch is 
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connected so that it is in series with ether auxiliary winding when the main 
TPDT switch is closed to the four-pole or six-pole side. Assuming that 
the windings are arranged so that the direction of rotation is the same 
whether the motor is connected for four- or six-pole operation, the motor 
may be started on either speed and switched to the other speed while it is 
running. However, if the directions of rotation are different for the two 
speeds, it is necessary that the motor come to a complete stop, when operat- 
ing at one speed, before it is switched to the other speed. 
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Fic. 46. Wiring diagram showing the connections for a four-winding two-speed motor. 


A better understanding of the conventional manner in which the four 
windings are arranged in the actual stator may be gained by a study of 
Fig. 47. The following points should be especially recognized: (1) The 
auxiliary windings are displaced exactly 90 electrical degrees with respect 
‘to their respective main windings; (2) the four- and six-pole main windings 
are started in the same slot, 7.e., slot number 1; (3) to avoid confusion, the 
wiring from the windings to the TPDT switch have been omitted, but 
points a, b, c, d, and e on the windings have corresponding markings on the 
switch; (4) the pole groups of all windings are connected in series; (5) the 
upper and lower positions of the TPDT switch connect the windings for 
four-pole and six-pole operation, respectively. 


Principle of Consequent-pole Windings 

In the conventional method of connecting windings, adjacent pole groups 
always carry currents in opposite directions, 7.e., clockwise for one pole 
group and counterclockwise for the preceding or succeeding pole group. 
When this is done, the number of magnetic flux paths is exactly the same 
as the number of pole groups; accordingly, there dre exactly as many formed 
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poles as magnetic flux paths. Figure 48a clearly illustrates how four pole 
eroups carry currents to create four magnetic flux paths, and therefore four 
poles. Note that the upper and lower pole groups, carrying counterclock- . 
wise currents, create south poles; at the same instant, the left and right pole. 
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Fie. 47. Schematic four-winding diagram for a two-speed split-phase motor. Simplified 
wiring diagram is shown in Fig. 46, with which it should be compared. 


groups carry clockwise currents and create north poles. (The crosses inside 
the conductors indicate currents away from the observer, and the dots 
inside the conductors indicate currents toward the observer.) 

However, 27f a winding is connected so that all pole groups carry currents 
im the same direction at any instant, there will always be twice as many mag- 
netic flux paths as the number of pole groups; as a result there will be twice 
as many formed poles as pole groups. Under this condition each magnetic 
flux path will, therefore, span about one-half the circumferential distance 
of that spanned by the conventional flux path. Moreover, the additional 
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poles, resulting from this manner of interconnection of pole groups, always 
appear exactly halfway between those that are formed by the convention- 
ally connected winding. 

Figure 48b shows how the currents must flow in the four pole groups to 
create erght magnetic flux paths, and therefore eight poles. Note particu- 
larly that, at the instant represented, (1) the currents pass through all the 
coils in a counterclockwise direction; (2) the top and bottom poles remain 
south; (3) the left and right poles are changed to south; and (4) the four 
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Fic. 48. Sketches illustrating a four-pole winding connected for four-pole and eight-pole 
operation. In the conventional connection (a) successive pole groups carry currents in 
opposite directions. In the consequent-pole connection all pole groups carry currents 
in the same direction. 


additional poles, located between the outside coils of adjacent pole groups, 
are all north. 

Since the added poles result as a consequence of the fact that all pole 
groups are connected to carry currents in the same direction, they are 
called consequent poles; the winding is appropriately named a consequent- 
pole winding. 

In practice, one of the two mains of a two-speed motor is usually a con- 
sequent-pole winding; a consequent-pole winding may be used for one or 
both of the auxiliaries. As will be noted in the next section, much valuable 
space is saved and winding time is reduced when this is done. 


Four-winding Two-speed Motors Using Consequent Poles 


Figure 49 represents a diagram for a two-speed motor in which there are 
four windings, two mains and two auxiliaries. The outer four-pole winding 
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is connected in the conventional manner, with adjacent pole groups carry- 
ing current in opposite directions. The second main, for eight poles (inside 
the outer), is a consequent-pole winding with four pole groups. Both 
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Fig. 49. Four-winding diagram for a two-speed motor. Only the outer four-pole main 
is a conventional winding; the other three, the eight-pole main and the two auxiliaries, 
are consequent-pole windings. The motor may be started by the TPDT switch on 
either speed. 


auxiliaries are consequent-pole windings, the inner one having four pole 
groups for eight poles, and the other (outside the inner) being wound with 
two pole groups for four poles. When the TPDT switch is closed in the 
“up” position the motor will start and run at the higher speed; when closed 
in the ‘‘down”’ position the motor will operate at the lower speed. Note 
that the centrifugal switch is in series with either auxiliary when the TPDT 
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switch is thrown “up” or “down.” Furthermore, the motor will start on 
either speed and can be changed, while running, to the other speed. An- 
_- four-pole main winding- conventional 


3 Six-pole main winding -3 consequent poles 
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Fic. 50. Four-winding diagram for a two-speed motor. Only the outer four-pole main 


is a conventional winding. The second main has three pole groups and is connected as a 
The inner auxiliaries are both consequent-pole 


six-pole consequent-pole winding. 
windings, with two pole groups for each one of these combinations. 


other important point to observe is that the auxiliaries are displaced 
exactly 90 electrical degrees with respect to their respective mains. : 
Figure 50 shows another diagram for a two-speed motor in which there 
The outer four-pole winding is connected in the con- 
The second main, for six poles, is a consequent-pole 
Both auxiliaries are consequent-pole 


are four windings. 
ventional manner. 
winding with three pole groups. 
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windings, with two pole groups for each one of the pole combinations. An 
interesting innovation in this diagram is that only two pole groups are used 
for the six-pole consequent-pole auxiliary winding. This is possible if the 
pole groups are located directly opposite each other on the stator and are 
connected to carry clockwise and counterclockwise currents respectively. 
The auxiliary used with the six-pole main winding actually produces only 
four magnetic poles, but these are formed at the proper places on the 
stator core for six-pole operation; it is as though two of the six poles were 
omitted, with a corresponding loss in starting torque. As before, the 
motor will start on either speed and can be changed, while running, to the 
other speed. 


Three-winding Two-speed Motors Using Consequent Poles 


To save further valuable space in the stator core, it is possible to design 
a two-speed motor that has two main windings and only one auxiliary 
winding. The latter may be made to work in conjunction with either the 
high-speed or low-speed main winding. Provision must be made so that 
the motor will start only when the line switch is closed in the position that 
includes a main and its auxiliary. The wiring must not permit the main 
that has no corresponding auxiliary to be connected to the line when it is 
desired to start the motor; however, after the motor comes up to speed on 
the main-auxiliary combination, it may be switched to the other speed. 

Figure 51 illustrates the wiring connections for a six- and eight-pole 
motor in which the consequent-pole auxiliary is designed to operate with 
the conventional six-pole main winding. A special SPDT centrifugal 
switch (like that used in Fig. 35 for the two-value capacitor motor) must 
be employed in conjunction with the DPDT line switch, to prevent the 
operator from accidentally connecting the eight-pole consequent-pole main 
winding to the line when the motor is started. If the wiring is carefully 
studied, it will be observed that the motor will start only if the line switch 
is closed in the ‘‘up” position. Moreover, when the line switch is closed 
in the “down” position, the eight-pole consequent-pole winding is con- 
nected to the line only after the motor comes up to speed, so that the R 
contacts on the centrifugal switch are closed. The motor cannot be started 
on the low speed (down) side of the line switch; under this condition the 
open #& contacts open-circuit the eight-pole winding. | 


Two-winding Two-speed Motors Using a Special Design 

Special two-speed split-phase motors have been developed in which only 
two windings, one main and one auxiliary, are employed. Such designs 
always arrange and connect the coils in accordance with the fundamental 
winding principles already discussed but do so in rather unique ways. . 
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Figure 52 illustrates one such design in which a single concentric-type 
main winding and a similar auxiliary winding are arranged in a 36-slot 
stator for six-pole or eight-pole operation of a capacitor-start split-phase 
ix-pole main wihding-conventional 
\ fight pole main winding-4 consequent poles 
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Fig. 51. Three-winding diagram for a two-speed motor. Only the outer six-pole main 
is a conventional winding. The second main has four pole groups and is connected as an 
eight-pole consequent-pole winding. The single auxiliary has three pole groups and is 
used only with the six-pole main winding. This motor must be started on the high- 
speed side first (DPDT switch up). 


motor. When the TPDT line switch is closed in the “up” position, the 
currents flow through the coils so that the speed will be that of a six-pole 
motor; the single-headed arrows on the conductors in the slots may be 
traced for this connection. Note particularly the north and south pole 
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‘ 


spans of the six- and eight-pole combinations; these are labeled Ng and Sg : 
for the six-pole connection, and Ng and Ss; for the eight-pole connection. 
Also important is the position and coil arrangement of the auxiliary wind- 
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Fie. 52. Two-winding diagram of a capacitor-start motor. When the TPDT switch is 
_ closed in the “‘up”’ position the winding may be traced thréugh the single-headed arrows 
in the slots for six-pole operation. When the switch is closed in the ‘down’ position 
the winding may be traced through the double-headed arrows for eight-pole operation. 


ing, so that it will function in conjunction with either the six- or eight-pole ~ 
main winding connection. 

Since a winding such as this must serve for two speed combinations, it is 
necessarily a compromise of two single-speed windings. And although there 
is much saving in winding space and winding time, the starting and running 
torques will be considerably less than those of conventional single-speed 
motors. Such windings, therefore, have limited application. 
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Summary 

1. Many applications of single-phase motors require two-speed opera- 
tion. For such service, four-winding, three-winding, and two-winding 
motors are available. 

2. Two-speed winding motors operate at two speeds that are widely 
different, a decided disadvantage when stepless control is desired. 

3. The speed at which a motor will rotate is inversely proportional to 
the number of poles for which the winding is connected. 

4. 'Two-speed motors are physically much Jarger than single-speed 
motors of equivalent horsepower and speed ratings. 

5. In four-winding two-speed motors, only one set of two windings, a 
main and an auxiliary, is used at a time; the second set of two windings 
is idle. ‘ 

6. In four-winding motors, the centrifugally operated switch is made 
to open at the lower of the two possible speeds, the one that is somewhat 
below the value that is best for the higher speed winding. 

7. The directions of rotation for both speeds of two-speed motors may 
be the same or opposite. When opposite, it is necessary that the motor 
come to a complete stop, when operating at one speed, before it is switched 
to the other speed. . 

In conventional windings, adjacent pole groups always carry currents 
in opposite directions at any instant. 

9. In consequent-pole windings, all pole groups carry currents in the 
same direction at any instant. 

10. There are always as many magnetic flux paths (and formed poles) 
as pole groups in conventionally connected windings. 

11. There are always twice as many magnetic flux paths (and formed 
poles) as pole groups in consequent-pole windings. 

12. Magnetic flux paths in consequent-pole windings span about one-half 
the circumferential distance of those spanned by conventional flux paths. 

13. Consequent-pole windings are so called because the “‘added”’ poles 
are formed as a consequence of the fact that the pole groups are connected 
to carry currents in the same direction. 

14. In four-winding two-speed motors, one main is usually connected 
in the conventional manner. The other main and the two auxiliaries are 
connected as consequent-pole windings. 

15. In three-winding two-speed motors, one main is usually connected 
in the conventional manner. The other main and the auxiliary are con- 
nected as consequent-pole windings. 

16. In three-winding two-speed motors, the auxiliary winding may be 
made to work in conjunction with either the high-speed or low-speed 
winding. 
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17. In a three-winding two-speed motor, the wiring must not permit 
the main that has no corresponding auxiliary to be connected to the line 
when the machine is started. 

18. Special two-winding two-speed motors have been developed. AlI- 
though the winding arrangements are somewhat complicated they follow 
fundamental winding principles. Such motors generally develop lower 
values of starting and running torque than conventional single-speed 
motors. 


CHAPTER 7 


Winding Types and Coils for Polyphase Machines 


Thus far the discussions have dealt with single-phase windings. These 
are placed in machines, of comparatively small sizes and ratings, that are 
employed in applications where polyphase service is not available or where 
polyphase equipment would be unsuitable or too expensive. As prepara- 
tion for a more detailed study of two- and three-phase windings, it will be 
the purpose of this chapter to consider the several types generally used in 
modern polyphase machines. 


Phase Displacements in Two- and Three-phase Machines 

When referring to windings in modern polyphase machines, it is always 
implied that they are either two-phase or three-phase. In a two-phase 
alternator, there are two independent or interconnected windings in which 
two emf-waves are generated that are displaced zn teme by 90 electrical 
degrees; in a three-phase alternator, there are three interconnected windings 
in which three emf waves are generated that are displaced in tame by 120 
electrical degrees. Two-phase motors have two independent or intercon- 
nected windings that are displaced in space by 90 electrical degrees, and 
which take power from a two-phase electrical system; three-phase motors 
have three interconnected windings that are displaced an space by 120 
electrical degrees, and which take power from a three-phase electrical 
system. 

The generated voltages of two- and three-phase systems may be repre- 
sented by the sine waves of Fig. 53. Such voltage waves may be generated 
in the two- or three-phase windings of alternators or “fed” to corresponding 
windings in two- or three-phase motors. 

Referring to the two-phase sketch of Fig. 53a, it will be observed that 
phase B lags behind phase A by 90 electrical degrees, because the maximum 
voltage value of phase B, Enz, occurs 90 electrical degrees later than the 
maximum voltage value of phase A, Ems. In the alternator, such a tome 
displacement of voltages can be produced only if two independent windings 
are placed in the core so that they are displaced from each other in space 
by 90 electrical degrees. Moreover, if a two-phase motor is to operate 


satisfactorily when connected to such a system, it too must have two 
67 
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independent windings that are physically separated in the core by 90 
electrical degrees. 

Likewise, Fig. 53b shows that phase B lags behind phase A by 120 
electrical degrees and that phase C lags behind phase B by 120 electrical 
degrees; note that Eng lags behind Z,,4 by 120 degrees and that Emc lags 
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Fia. 53. Voltage waves in two-phase and three-phase systems. 


behind Eng by 120 degrees. Thus, in the alternator, a t¢me displacement 
of voltages is produced only by placing three independent windings in the 
core so that they occupy positions, 7 space, 120 electrical degrees apart. 
Concerning a three-phase motor, it is also necessary that there be three 
independent windings in the core, physically displaced from each other by 
120 electrical degrees. ; 

Summarizing then, a polyphase machine is one having as many independent 
windings as the number of phases in the system, and in which the space dis- 
placement of the windings in the core is the same as the time displacement of 
the corresponding voltages in the system. * 
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Elementary Two-phase Winding 
Figure 54 illustrates how the coils of a two-phase winding are arranged 
and connected so that there will be a space displacement of 90 electrical 
degrees between phases. The sketches were drawn for an extremely ele- 
mentary four-pole grouping of eight 
coils placed in 16 slots. Each phase, tails for phaseA. 
therefore, has four coils arranged as 
in Fig. 54a and connected in series - 
as in Fig. 54b. Since the distance 
between adjacent poles is always 
exactly 180 electrical degrees (slots 1 


to 5), the starting points of phases L503] * > ; 

hae I a Per. oe | 
A and B, that is, S4 and Sz, are (71 “4 coils for phase B 
correct if they emerge from slots 1 $008 


and 3, 90 electrical degrees apart. ee TEC 


Note, then, that each phase consists 
of a series-connected set of alternate 


coils and that the two phases are en- \- 
tirely independent of each other. 7 
Considered from the standpoint of | 
an alternator, where a four-pole ad FE 
structure sweeps from left to right, ee 
phase A will be ahead of phase B, ; 
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in time, by 90 electrical degrees. 

Thus, two voltage waves similar to 

Fig. 53a will be developed; the fre- Pore eee ec tenis 

quency will, of course, depend upon : 

i nN ae ee ah 1 Fic. 54. Arrangement and connections of 

the speed ol rota ion o a2 le coils in an elementary 16-slot 4-pole 2- 
It should be pointed out that in phase machine. 

actual winding practice, discussed in 

subsequent chapters, there is always more than one coil under each pole 

per phase; moreover, it is not necessary that all the pole groups be connected _. 

in series. 


Elementary Three-phase Winding 

An extremely elementary four-pole grouping of 12 coils in 24 slots is 
shown in Fig. 55 to illustrate a three-phase winding; in this diagram the 
three phases are displaced from each other in space by 120 electrical degrees. 
Since the distance between slots 1 and 7 is exactly 180 electrical degrees 
(one pole span), adjacent slots are 30 degrees apart (180/6 = 30). Thus, 
slots 1 and 5 are displaced 120 degrees, as are slots 5 and 9. It is, therefore, 
correct for phases A, B, and C to start, respectively, in slots 1, 5, and 9. 


* 
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This point is of very special importance in three-phase windings, because 
the proper space displacement of 120 electrical degrees is achieved in this 
way. Note then that S,, Ss, and Sc emerge from slots 1, 5, and 9 and 
that each independent phase consists of four series-connected coils. Again, 
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(6) SERIES-GONNECTED COILS 
Fie. 55. Arrangement and connections of coils in an elementary 24-slot 4-pole 3-phase 
machine. ' 
considered from the standpoint of an alternator, where a four-pole structure 
sweeps from left to right, phase B lags behind phase A by 120 degrees, and 
phase C lags behind phase B by 120 degrees. Hence, three voltage waves 
similar to Fig. 53b will be developed. 

It is always well to remember that any polyphase winding diagram, two- 
phase or three-phase, is essentially a combination of two or three simple 
single-phase windings, each one of which can be independently traced from 
its start S to its finish /’; moreover, in such tracing, all phases will be found 
to have the same total number of coils. 
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Types of Polyphase Winding 

There are three general types of polyphase winding, namely, (1) the 
concentric-chain, (2) the wave, and (8) the lap. Each type has its fields 
of application that have been found, by experience, to suit certain details 
of machine construction and operation. For example, concentric-coil 
windings are frequently used in slow-speed, large diameter alternators; 
wave windings are ideal for the rotors of wound-rotor induction-type 
motors; while lap windings are generally employed in the stators of most 
a-c motors and high-speed alternators. These classifications are, of course, 
only general but, in the main, have few exceptions. | 

Coneentric-chain windings are single-layer in construction; 7.e., each 
slot contains one coil-side. Lap and wave windings are nearly always 
double-layer, so that each slot will contain two coil-sides, one on top of the 
other; one coil-side will be part of a coil on the left, while the other coil-side 
will be part of another coil on the right. 


Coil Constructions 


Several styles of coil construction are used in polyphase machines. The 
one that has wide application for the stators of motors up to about 100 hp 
and 500 volts is the so-called fed-in coil. It is usually diamond-shaped and 
contains many turns of rather small wire. The winding procedure, then, 
requires that the operator feed the individual wires of each coil-side into 
slots, through the narrow opening formed by overhanging teeth. Top and 
bottom coil-sides in the slots are separated from each other by good insu- 
lating paper. The coil ends must, however, be individually taped while 
the winding progresses, because the wires have to be spread apart before 
they can be fed into the slots. When properly and carefully installed, such 
a winding provides excellent mechanical and electrical strength. , 

When the slots are open, as they are in machines of the larger sizes, the 
winding consists of coils that are completely formed, taped, dipped, and 
baked. The wires for the diamond-shaped coils are often rectangular in 
section and are carefully laid side by side and on top of one another. This 
construction conserves valuable slot space so that a maximum of copper 
area may be used. These windings also have two coil-sides per slot, one 
on top of the other, with the individual coils formed to exact dimensions 
as they finally appear in the machine. 

Hand-wound or threaded coils, though not used much in this country, 
- involve a considerable amount of hand labor. Each coil is formed in place 
by the winder as he passes a single wire through a slot, bends it in shape 
around a wooden form, threads it back through a second slot the proper 
distance away, and repeats the process until the desired number of turns 
have been made. Such windings are single-layer. 
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Pushed-through coils, for rather large machines, consist of a number of 
U-shaped wires that are pushed through a pair of properly separated slots 
until the bend approaches the core. The open ends on the opposite side 
are then bent around and connected together to form a continuous coil 
of wire; the joined ends are, of course, soldered and taped. This construc- 
tion also involves a considerable amount of hand work and is, for this 
reason, not particularly popular in this country. 

Straight bars and involute connectors were used at one time in large ma- 
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Fig. 56. Arrangement, of coils in a three-phase single concentric-chain winding. Note 
the two different coil sizes and the designations A, B, and C for the three phases. 


chines where each coil consisted of heavy single conductors. In this wind- 
ing the individual rectangular-shaped copper bars were pushed through 
the slots, after which proper pairs were joined together by involute con- 
nectors. This construction has been largely abandoned, because it is now 
recognized that a bundle of small conductors connected in parallel develop 
less copper loss heating than a single conductor of the same total cross- 
sectional area. 


Concentric-chain Windings 

In principle, the concentric-chain type of winding is quite similar to the 
single-phase coil arrangement previously discussed in Chap. 3. There are, 
however, several constructional differences between the two types, because 
the polyphase winding must provide for two or three phases that are dis- 
placed from each other in space by the proper number of electrical degrees. 
On the other hand, each of the phases of a polyphase winding may be 
considered as equivalent to an independent single-phase. 
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Figure 56 illustrates a single concentric-chain winding for a three-phase 
machine; the word single implies that each phase has but one coil per pole. 
Since this type of winding must have a core with three slots per pole, a 
12-pole motor, for example, would have a 36-slot stator and a total of 18 
coils; there would be, therefore, six coils in each phase. 

An important distinguishing feature of this type of winding is that it has 
coils of different shapes. Clearly shown in Fig. 56 are the long, straight 
coils and those that are shorter but bent backwards at the ends to avoid 
the straight, iong coils. The reason for the bend is that the coils of the 
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Fie. 57. Arrangement of coils in a three-phase double concentric-chain winding with 
four different coil sizes. The long coils are straight and the short coils are bent at the 
ends to avoid the straight coils. 


various phases must cross around each other in passing from one slot to 
another on the same circumference level; these windings are single-layer. 
The span of all coils is, however, the same. It should also be noted that 
the term chain has reference to the resemblance to the links of a chain 
after the winding is in place. 

Figure 57 is a simplified single-line diagram illustrating a double con- 
centric-chain winding for a three-phase machine; the word double implies 
that each phase has two coils per pole. Also note that the two coils per phase 
per pole are concentric with respect to each other; this indicates the reason 
for the other term in the name concentric-chain winding. A winding such 
as this would require six slots per pole (twice as many as in the single 
concentric-chain winding); a 24-pole machine, for example, would have 
144 slots and 72 coils, with 24 coils in each phase. Four different sizes 
of coils would be needed to construct a double concentric-chain winding. 

Triple concentric-chain windings have three coils per phase per pole that 
are concentric with respect to each other and six different coil sizes. For 
three-phase the number of slots per pole would be nine; an eight-pole 
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machine, for example, would require a 72-slot core and a total of 36 coils, 
with 12 coils per phase. 

A triple concentric-chain winding for a two-phase machine is illustrated 
by Fig. 58. It will be observed that it has six different coil sizes, the long 
ones representing phase A, and the short, bent coils belonging to phase Bb. 
A triple two-phase concentric-chain winding requires six slots per pole; 
a 10-pole machine, for example, would have 60 slots and 30 coils with 15 
coils per phase. 
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Fia. 58. Arrangement of coils in a two-phase triple concentric-chain winding with six 
different coil sizes. Note that all the long coils belong to phase A while the short, bent 
coils constitute phase B. 


An important difference between two- and three-phase concentric-chain 
windings should be noted. Referring to Figs. 56 and 57, it will be seen 
that all three phases have exactly the same number of long and short coils 
for every four poles. This uniform distribution of long and short coils is 
not possible with two-phase windings, where each phase has either one 
or the other coil sizes and shapes. However, in constructing the coils for a 
two- or three-phase machine, it is customary to use the same length of wire 
in the long and short ones; the bends at both ends compensate -for the 
shorter axial length in the short coils. 


Wave Windings 


The coils used to construct a wave winding in an a-c machine are identical 
with those employed in a d-c armature winding. The wire ends of the latter 
coils are connected to commutator segments, while those in polyphase a-c 
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windings are joined together to form properly arranged phases. Figure 59 
illustrates a typical wave coil of several turns of wire for use in a core with 
open slots. It will be observed that the front and rear “knuckle” bends 
place the left coil-side above the level of the right coil-side. This construc- 
tion is necessary for a double-layer winding in which all coils have the same 
size and shape. Another point to be noted is the way in which the coil 
ends are bent outward from the coil-sides so that they may be conveniently 
connected to other coil ends similarly bent. And, as in d-c windings, when 
successively joined coils are traced through an entire phase, the winding 
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Fie. 59. Sketches illustrating wave- Fic. 60. Single-turn wave coil of heavy 
winding coil construction. copper strap. 


appears to follow a series of waves; it is for this reason that the term wave 
winding has been applied to this construction. 

In large machines it is sometimes desirable to use single-turn coils of 
heavy copper strap. These are formed as represented by Fig. 60, when 
the core has open slots. With partially closed slots the coils are shaped 
with straight sides; the open ends are pushed through axially from one end 
of the core, after which they are bent outward in the usual way to be 
connected to other similarly formed coils. 

Figure 61 represents a 36-slot core in which all the coils of one phase are 
shown properly located. To avoid confusion and to simplify the drawing 
of complete and apparently complex winding diagrams, single-turn coils 
are indicated and no connections between coils are included. (The latter 
will be treated in detail subsequently, for which reason the individual coils 
and their ends have been labeled for later reference.) Note particularly 
that (1) all coils have exactly the same size and shape, in contrast to those 
used in concentric-chain windings; (2) there are two coil-sides per slot, 
with the continuous line (left side of the coil) representing the top coil-side, 
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and the dash line (right side of the coil) representing the bottom coil-side; 
and (3) the coil ends are bent outward from the sides so that the proper 
coils may be joined together conveniently without the necessity of using 
jumpers. 

A significant advantage of wave windings is that cross connections be- 
tween groups of coils are reduced to a minimum. This feature is especially 
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Fria. 61. Single-turn wave coils arranged in 12 slots of a 36-slot core for one of the phases 
of a 3-phase winding. 


important in the construction of rotor windings, because of the limited 
available space and the fact that a simple, compact arrangement helps to 
keep a revolving structure mechanically balanced. 

Double-layer wave windings always have as many coils as slots. (Com- 
pare this with single-layer concentric-chain windings which have half as 
many coils as slots.) This means that a 36-slot machine, for example, will 
have a total of 36 coils; if the winding is three-phase, there will be 12 coils 
per phase, as shown in Fig. 61. (To clarify the latter diagram the coils 
for the other two phases have been omitted, but they would, of course, 


occupy the vacant slots represented by the short continuous and dash 
lines.) 
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Lap Windings 

The lap winding is the type most commonly employed on the stators of 
polyphase a-c machines. In appearance and construction the coils are 
identical with those used in d-e armatures. And, except for the fact that 
the coil ends are brought out near one of the “knuckle” bends, they are 
similar to wave coils. Figure 62 illustrates a formed lap coil having several 
turns of wire, for use in an open-slotted core. Since lap windings are also 
double-layer, the “knuckle” bends place one coil-side, the left side in this 
case, above the level of the right side. 


Fic. 62. Lap coil containing several turns of wire for an a-c winding. 


When the core has overhanging teeth, 7.e., partially closed slots, the coils 
are not taped when they are first made. Instead, the wire is wound on a 
form in the shape of a diamond, after which the individual wires of each 
coil are fed into the slots, one or two at a time, through the narrow openings 
between teeth. The coils are taped after they have been put in place and 
are later hammered into their final form with a rawhide mallet and appro- 
priate fibre or wood blocks. 

Using a diagram similar to that of Fig. 61, one phase of a three-phase 
lap winding, properly arranged in the 36-slot stator, is represented by 
Fig. 63. Again, for convenience in studying this type of winding, no 
connections have been made between coils. The latter have, however, been 
drawn to indicate that there are several turns per coil, instead of the single- 
turn coils of the wave-winding diagram; note the two ends emerging from 
the inside loop of each coil. 

The other two phases would, of course, occupy the remaining 24 slots 
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of the figure represented by the short continuous and dash lines, and would 
be connected in such a way that a 120-electrical-degree displacement would 
exist. between the three phases. 
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Fic. 63. Lap coils arranged in 12 slots of a 36-slot core for one of the phases of a 3-phase 
winding. Each coil is similar to that illustrated by Fig. 62. 


Summary 

1. Windings used in polyphase motors and alternators are generally 
designed for two- or three-phase service. 

2. In two-phase machines there are: two single-phase windings that 
may or may not be interconnected; they are displaced with respect to each 
other in space by 90 electrical degrees. 

3. In three-phase machines there are three single-phase windings that 
are generally interconnected; they are displaced with respect to each other 
in space by 120 electrical degrees. 

4. A polyphase machine is one having as many independent windings 
as the number of phases of the system, and in which the space displacement 
of the windings in the core is the same as the time displacement of the 
, voltages in the system. 

5. Any polyphase winding diagram, two-phase or three-phase, is essen- 
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tially a combination of two or three simple single-phase windings, each 
one of which can be independently traced from its start to its finish, In 
any such winding all phases are wound identically. 

6. There are three general types of polyphase winding, namely, (a) the 
concentric-chain, (b) the wave, and (c) the lap. 

7. Concentric-chain windings are single-layer; wave and lap windings 
are double-layer. 

8. There are several styles of coil construction used in polyphase 
windings, namely, (a) fed-in coils, (6) hand-wound or threaded coils, 
(c) pushed-through coils, and (d) straight bars and involute connectors. 

9. When the core of a machine has open slots, the coils can be completely 
formed, insulated, and baked before they are used. With partially closed 
slots, the individual wires of the formed coils must be threaded through 
the narrow openings between slots, one or two at a time; the taping and 
insulating must be done after the winding is in place. 

10. Hand-wound or pushed-through windings involve a considerable 
amount of hand labor; such windings have been largely abandoned in this 
country. 

11. Concentric-chain windings are similar in principle to the coil arrange- 
ment employed in concentric windings for single-phase machines. 

12. Single, double, triple, or multiple concentric-chain windings refer 
to the fact that there are one, two, three, or more concentric coils per 
phase per pole. 

13. All concentric-chain windings have coils of different sizes and shapes. 
In single, double, triple, etc., concentric-coil windings there are two, four, 
six, etc., different sizes and shapes. 

14. The coils in any double-layer lap or wave winding are exactly 
identical. 

15. In three-phase concentric-chain windings, all three phases have 
exactly the same number of differently shaped coils for every four poles. 

16. In two-phase concentric-chain windings, each phase has a set of 
differently shaped coils. The coils are constructed, however, so that all 
have the same length of wire. 

17. The coils of a-c wave windings are similar in construction to those 
used in d-c machines. 

18. Wave windings are so named because the coils may be traced through 
a series of waves from one end of a phase to the other. 

19. Completed wave windings have few cross-connectors. This feature 
makes this type of construction ideal for rotors in a-c machines, where 
there is a limited amount of space and because the revolving structure can 
be balanced more easily. 

20. Double-layer wave windings always have as many coils as slots. 
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21. Lap windings are most commonly employed in the stators of a-c 
machines. 

22. The lap-coil construction is similar to that of the wave coil, except 
for the way in which the ends are brought out; in the wave coil the ends 
are brought out from the coil-sides and are bent outward, while in the lap 
winding the ends are brought out near one of the “knuckle” bends. 

23. In most of the smaller machines the slots are partially closed. This 
requires coils that are form-wound but untaped, after which the individual 
wires are fed into the slots, one or two at a time. The completed winding 
is then hammered in place by a rawhide mallet and fibre or wood blocks. 


CHAPTER 8 


Concentric-chain Windings 


The general aspects of coil construction and winding arrangements were 
discussed in Chap. 7. In further considering concentric-chain windings it 
is important to remember, among other things, that (1) several shapes 
and sizes of coil are necessary and (2) the total number of coils is one-half 
the number of slots in the core. Remembering these points, as well as the 
polyphase-winding principles previously discussed, it will be the purpose 
of this chapter to consider how concentric-chain windings are laid out and 
connected for polyphase service. 


Half-coiled Windings 

The fact that the total number of coils in a concentric-chain winding is 
one-half the total number of slots in the core implies that each phase will 
have one-half as many coils as the number of slots allotted to it (the number 
of slots per phase = total slots/phases). Thus, each phase of a two-phase 
winding will require one-fourth as many coils as the number of slots, while 
the number of coils in each phase of a three-phase winding will have to be 
one-sixth the total number of slots. Under this condition there will always 
be one-half as many pole groups per phase as the number of poles for which 


(a)- Phase A (——) (6)-Phase B(--—) (c)-Phase C (-—=) 
Fic. 64. Arrangement and connections of the coils in a three-phase double concentric- 
chain winding. The individual phases are shown separated with the proper space dis- 
placements indicated. Refer to Fig. 65 for the composite winding diagram for this 
24-slot 4-pole machine. 
81 
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the machine is wound. In other words, considered from the point of view 
of single-phase winding theory (Chap. 6), a concentric-chain winding is a 
consequent-pole winding. 

Figure 64 illustrates why a single-layer concentric-chain winding is a 
consequent-pole winding. The diagram for a 24-slot four-pole machine is 
shown divided into three parts, so that the coils for the individual phases 
may be clearly seen in their properly allotted portions of the core. Note 
that each phase has two pole groups of two coils each. Since they are 
connected in the same direction, four magnetic poles will be created. 
Polyphase windings of this type, in which there are half as many pole 
groups as poles, are more often referred to as half-coiled windings. This 
term has been found to be more applicable than the consequent-pole desig- 
nation because it better distinguishes this winding from the so-called 
whole-coiled winding, discussed in a subsequent chapter. 


Laying Out a Three-phase Concentric-chain Winding 

In laying out a concentric-chain winding for any polyphase machine, it 
is first necessary to allocate definite sets of slots to each phase under each 
pole. This is readily done (1) by dividing the total number of slots into 
pole sections (total slots/poles) and then (2) subdividing each set of slots 
per pole into as many parts as phases. Referring again to Fig. 64, it is 
seen how this is done for a 24-slot 4-pole 3-phase winding. Since there are 
six slots per pole (24 slots/4 poles) there will be two slots per pole per 
phase (64 = 2). The first two slots under each pole are then arbitrarily 
assigned to phase A; these are slots 1, 2, 7, 8, 13, 14, 19, and 20. Phase B 
must be 120 electrical degrees distant from phase A, so that slots 5, 6, 11, 
12, 17, 18, 23, and 24 must be assigned to it. The remaining slots will then 
belong to phase C; these are 9, 10, 15, 16, 21, 22, 3, and 4. Using the 
phase A slots, the two sets of concentric coils are next drawn in and con- 
nected in series as in Fig. 64a; note that the start of this phase, S4, emerges 
from slot 2. Since slot 6 is 120 electrical degrees from slot 2 (there are 30 
degrees between slots), the start of phase B, Sg must be there; this 7s 
extremely important. An error that is sometimes made is to start phase B 
from slot 4; this is incorrect because slot 4 is only 60 electrical degrees from 
slot 2. Phase B is next drawn in and connected in series, as in Fig. 640. 
With the start of phase C, Sc emerging from slot 10, 120 electrical degrees 
from slot 6, the last two pole groups are finally drawn in and connected in 
series, as in Vig. 64. 

A complete winding diagram, illustrating how all three phases appear 
in the core, is given in Fig. 65. In practice, it is customary to interconnect 
the three phases to form a star (Y) or a delta (A). For the star connection, 
it is merely necessary to join together three similar terminals, that is, 
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Fa, Fp, and Fe, eall it the star point, and use the other three points, 
Sa, Ss, and Sc, as line terminals; this has been done in Rigs 65.) This 
typical diagram indicates clearly how all three phases are identical, there 
being four different shapes and sizes of coils in each one. This latter point 
is always true for every four poles of a multiple three-phase winding. 


) Phase _A 


Fic. 65. Complete 3-phase 4-pole double concentric-chain winding for a 24-slot machine. 
The three phases are connected in star (Y) by joining together /'4, F's, and Fc; Sa, Sz, 
and Sc are line terminals. (Compare with Fig. 64.) 


Simplified Diagram for Concentric-chain Windings 


It is obvious that a complete winding diagram, such as Fig. 65, is gener- 
ally too complex for analysis; this is especially true when there are many 
more slots and poles and when certain parallel coil-group combinations 
are used. A greatly simplified type of diagram may, however, be employed 
for such a winding, and can serve just as effectively only if its meaning is 
clearly interpreted to represent the complete winding. This has been done 
for the foregoing 24-slot 4-pole 3-phase winding in Fig. 66. 

Note that (1) each pole group of two coils has been carefully located, 
(2) the pole groups are properly connected in series in the same direction, 
(3) a 120-electrical-degree displacement is maintained between phases, 
and (4) interconnection of the three phases into a star has been made by 
joining F'4, Pz, and F¢. 
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This type of diagram will be used frequently to represent many of the 
windings that follow. 


Star poirt, 


Fic. 66. Schematic diagram of the double concentric-chain winding shown in Fig. 65. 


Laying Out a Two-phase Concentric-chain Winding 

Following the procedure outlined for laying out a three-phase concentric- 
chain winding, Figs. 67, 68, and 69 have been drawn to represent a similar 
type of winding for two-phase service. Since the 24-slot core is used again, 
there will be three coils per phase per pole (12 coils/2 groups X 2 phases). 
Figure 67 illustrates the coil arrangements for phase A and phase B, divided 


(a)-Phase A ( 


) (6)-Phase B (-—e—-) 


Fia. 67. Arrangement and connections of coils in a two-phase triple concentric-chain 
winding. The individual phases are shown separated with the proper space displace- 
ment indicated. Refer to Fig. 68 for composite winding diagram for this 24-slot 4-pole 
machine, 
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into two parts for simplicity. Note that the two phases are separated from 
each other by exactly 90 electrical degrees, since the distance between 


Phase B 


Fra. 68. Complete 2-phase 4-pole triple concentric-chain winding for a 24-slot machine. 
For 2-phase 3-wire service, /4 and Sg may be joined together and their junction used 


with S4 and Fz as line terminals. 


adjacent slots is 30 degrees and the starting points of the two windings, 


S, and Sz, are slots 3 and 6. 


Figure 68 shows how the two phases are arranged and connected in the 


Zp Ss 


Fic. 69. Schematic diagram of the triple 
concentric-chain winding shown in Fig. 68. 


actual core. It will be observed that 
phase A has the longer coils, while 
phase B is made up of a set of shorter 
coils. As was previously pointed out, 
however, the total wire length of 
phase A would normally be the same 
as that of phase B. 

A simplified schematic diagram of 
this half-coiled winding is given in 
Fig. 69. It is suggested that all three 
figures be studied together because 
they help to clarify important funda- 
mental winding principles. 
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Typical Concentric-chain Winding Problems 

Several typical examples will now be given to illustrate concentric-chain 
windings. These should be studied carefully in connection with the ex- 
planatory notes and their accompanying simplified diagrams. 


ExampteE 1. Make calculations and draw a simplified diagram for a 
concentric-chain winding, given the following particulars: number of 
slots = 108; number of poles = 12; number of phases = 3; connection 
= star. 

Solution 

(a) Since the core has 108 slots and the winding is half-coiled, there will 
be a total of 54 coils (108 slots/2) 

(b) Each phase will, therefore, have 18 coils (54 coils/3 phases) 

(c) There being six groups of coils per phase, each pole group will con- 
tain 3 coils (18 coils per phase/6 coil groups) 

(d) This winding will have six different sizes and shapes of coils 

(e) After the winding is completed, the star connection is made by join- 
ing together 4, Fz, and F¢ as the star point, and using S4, Sz, and Se 
as line terminals 

(f) Figure 70 is a simplified diagram for the example. 


Fic. 70. Schematic diagram of a triple concentric-chain (half-coiled) winding for a 
108-slot 12-pole 3-phase machine. The star connection is used (see Example 1). 
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ExampLe 2. Make calculations and draw a simplified diagram for a 
concentric-chain winding, given the following particulars: number of slots 
= 96; number of poles = 8; number of phases = 3; connection = delta. 

Solution 

(a) Total number of coils = 96 slots/2 = 48 

(b) Coils per phase = 48 coils/3 phases = 16 

(c) Coils per pole group = 16 coils per phase/4 coil groups = 4 

(d) There will be eight different sizes and shapes of coils 

(e) The delta connection is made by joining /’4 to Sg, Fg to Sc, and Fe 
to Sy. The junctions are then used as line terminals 

(f) Figure 71 is a simplified diagram for the example. 


Line terminals 


Fic. 71. Schematic diagram of a quadruple concentric-chain (half-coiled) winding for a 
96-slot 8-pole 3-phase machine. The delta connection is used (see Example 2). 


EXAMPLE 3. Make calculations and draw a simplified diagram for a 
concentric-chain winding, given the following particulars: number of 
slots = 96; number of poles = 16; number of phases = 3; connection 
= star. 

Solution 

(a) Total number of coils = 96/2 = 48 

(b) Coils per phase = 48/3 = 16 
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(c) Coils per pole group = 16/8 = 2 

(d) There will be four different sizes and shapes of coils 

(e) Join F4, F's, and Fc for the star point, and use S4, Sp, and Sc as 
line terminals 

(f) Figure 72 is a simplified diagram for the example. 


Fic. 72. Schematic diagram of a triple concentric-chain (half-coiled) winding for a 
96-slot 16-pole 3-phase machine. The star connection is used (see Example 3). 


Examp.e 4. Make calculations and draw a simplified diagram for a 
concentric-chain winding, given the following particulars: number of 


slots = 48; number of poles = 12; number of phases = 2; connection 
= 4-wire. 


Solution 
(a) Total number of coils = 48/2 = 24 
(b) Coils per phase = 24/2 = 12 
(c) Coils per pole group = 12/6 = 2 
(d) There will be four different sizes and shapes of coils 
(e) No interconnection of phases is made for the 4-wire system. Use 
Sa, F'4 for one phase, and Sz, F's for the second phase 
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(f) Figure 73 is a simplified diagram for the example. 


/2 colls 
ber phase 


Fic. 73. Schematic diagram of a double concentric-chain (half-coiled) winding for a 
48-slot 12-pole 2-phase machine (see Example 4). 


Table 1 summarizes the solutions to the foregoing problems and adds 
three others for which the student is urged to make simplified winding 
diagrams. 


Special Coil Shapes for Concentric-chain Windings 

It was previously pointed out that each phase of a three-phase winding 
has exactly the same number of differently shaped coils for every four poles. 
This means that the several coil shapes and sizes divide themselves uni- 
formly among the three phases for every four poles. Thus, 4-, 8-, 12-, 
16-, 20-, 24-, 28-, 32-, etc., pole windings are symmetrical in this respect. 
Furthermore, for these pole combinations there will always be two coil 
shapes and sizes for every coil per pole group; or, what amounts to the same 
thing, for every three slots per pole there will be two coil shapes and sizes. 
Table 1 illustrates this clearly. In Example 1, for instance, there are nine 
slots per pole, three 3-slot sets and, therefore, six coil shapes and sizes. 
Again, in Example 2, there are 12 slots per pole, four 3-slot sets and, there- 
fore, eight coil shapes and sizes. 

When the number of poles in a three-phase machine is no/ a multiple of 
four, the last set of coils put into the winding must be specially shaped so 
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that they are a sort of combination of short bent-back portions and long 
straight portions. To understand why this is so, it must be remembered 
that in single-layer windings the individual coils must be formed at the 
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ends to cross around one another as they pass from one slot to another on 
the same circumference level. In the particular case under discussion, one- 
half of the coil span must be long axially and straight at the ends, while 
the other half of the coil span must be short axially and bent back at the 
ends. Figure 74, which shows the coils in a 36-slot core of a 6-pole machine, 
should make this clear. Beginning in slots | and 2, the long-straight coils 
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and the short-bent coils are installed in succession in the usual w ay until 
it is necessary to put in the last two coils from slots 33 and 34 to slots 3 
and 4. A careful study of the diagram indicates that the left sides of these 
coils must be straight and long, while the right sides must be short and bent 
back. Only in this way is it possible for the specially shaped coils to cross 
around the others at a, b, c, and d. 


--= 
a ss. 


Two specially 
shaped coi!s oe 
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Fia. 74. Sketch showing why two specially shaped coils are required for a winding whose 
number of poles is not a multiple of four. This is a double concentric-chain winding 
for a 36-slot 6-pole 3-phase machine. 
Summary 

1. Concentric-chain windings are single-layer and, therefore, have coils 
of several shapes. The number of coil sizes will depend upon whether the 
winding is single, double, triple, etc. 

2. The total number of coils in a single-layer winding i is one-half the 
number of slots in the core. 

3. Each phase of a concentric-chain winding has half as many pole 
groups as poles. 
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4. Concentric-chain windings are consequent-pole windings. 

5. More frequently polyphase consequent-pole windings are called 
half-coiled windings. 

6. In polyphase windings it is very important that the individual 
phases be properly located in the slots; they must be displaced from each 
other by the correct number of electrical degrees. In two-phase windings 
the displacement should be 90 electrical degrees; in three-phase windings 
the displacement should be 120 electrical degrees. 

7. A three-phase star connection is made by joining F'4, Fs, and Fe 
for the star point, and using S4, Sz, and Sc as line terminals. 

8. A three-phase delta connection is made by joining F'4 to Sz, Fg to 
Sco, and F’¢ to S4._ The junction points are then used as line terminals. 

9. Each phase of a three-phase winding has exactly the same number 
of differently shaped coils for every four poles. 

10. When the number of poles in a three-phase concentric-chain winding 
is not a multiple of four, the last set of coils that is installed must be 
specially shaped. The special shapes are a sort of combination of short 
bent-back portions and long straight portions. 


CHAPTER 9 


Wave Windings 


The second of the three practical types of polyphase winding, the wave 
winding, will be considered in some detail in this chapter. It will be re- 
called from its general treatment in Chap. 7 that, unlike the concentric- 
chain winding, (1) it is double-layer, (2) all its coils are exactly identical, 
and (3) there is a minimum of cross connections between groups of coils. 
Although used in some stators, wave windings are found mainly on the 
rotors of induction-type machines where space limitations and the mechani- 
cal balance of a revolving structure have special importanee. 


Double-layer Windings 

Whenever the coils of a winding are constructed so that one coil-side is 
placed in the top of a slot and the other coil-side occupies the bottom of 
another slot, all the coils can have exactly the same shape and size. Figure 
59 illustrates how the ‘‘knuckle” bends at both ends of the coil make it 
possible to locate the coil-sides in this manner. With this arrangement, 
therefore, each slot contains (1) a bottom coil-side, the other side of whose 
coil occupies the top of another slot, and (2) a top coil-side, the other side 
of whose coil is in the bottom of another slot. All coils obviously have the 
same span, which is generally equal to 180 electrical degrees in wave wind- 
ings, and this means that only one shape and size is necessary. Moreover, 
since every coil has two coil-sides, and every slot contains two coil-sides, 
the total number of coils in a double-layer wave winding 1s equal to the number 
of slots. 


Whole-coiled Windings 

It will be recalled that the number of pole groups per phase in a single- 
layer winding is one-half the number of poles, because there are half as 
-many coils as slots. A double-layer winding has, by comparison, the same 
number of coils as slots; this is twice as many as in an equivalent single- 
layer winding. Now then, since the number of coils per pole group is 
independent of whether the winding is single- or double-layer, it follows 
that a double-layer winding has as many pole groups per phase as poles. 

Windings of this type — double-layer windings — in which each phase is 
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made up of as many pole groups as poles, are called whole-coiled windings. 
They are readily distinguished from half-coiled windings because the latter 
are single-layer and have half as many pole groups per phase as poles. 
Moreover, half-coiled windings are consequent-pole, whereas whole-coiled 
windings are conventional when considered from the standpoint of single- 
phase winding theory. 


Current Directions in Two-phase Windings 


It is extremely important that the instantaneous currents in the coils 
of a polyphase winding be correct if an a-c machine is to function properly. 


(a) Phase A ( ) (6) Phase B (-—-——-) 


Fie. 75. Coil arrangements and current directions in a 24-slot 4-pole 2-phase whole- 
coiled winding. 


Assuming that the two or three windings in a two- or three-phase machine 
are displaced from each other in space by 90 or 120 electrical degrees, 
respectively, it is necessary that the pole groups be connected so that the 
polyphase currents create magnetic polarities that change correctly with 
tume. In other words, space displacement of the windings and time dis- 
placement of the currents through the coils are essential requirements of 
polyphase machine operation. 

Consider Fig. 75, which illustrates a 24-slot 4-pole 2-phase whole-coiled 
winding. The individual phases are shown in parts, with the coils located 
in their properly allotted slots. Assuming that phase A will have its start, 
Sa, in slot 1, phase B must have its start, Sz, 90 electrical degrees away; 
this is slot 4, three slots removed from slot 1, because there are 30 electrical 
degrees between slots. Now then, if the current for phase A is arbitrarily 
regarded as entering at S, (a positive current, for example), the current in 
phase B must enter at Sz if the time displacement between phases is to be 
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the same as the space displacement. Thus, pole groups A; and B, will have 
clockwise currents, as indicated by the arrows in the slots and on the out- 
side portions of Figs. 75a and b. Note these current direction arrows care- 
fully, because the remaining arrows must be indicated with reference to 
those of pole groups A; and By. Since successive pole groups of coils in 


Fig. 76. Combined coil arrangements and current directions in a 24-slot 4-pole 2-phase 
whole-coiled winding. (See Fig. 75.) 


any phase of a conventional whole-coiled winding must carry currents in 
opposite directions at the same instant (the magnetic polarities created by 
successive pole groups must be opposite), it follows that (1) for phase A 
the currents in A», A3, and A, will be, respectively, counterclockwise, 
clockwise, and counterclockwise, and (2) for phase B the currents in Bg, 
B3, and By, will be, respectively, counterclockwise, clockwise, and counter- 


clockwise. 
When both phases are represented on a single winding diagram, the coil 


arrangements and current directions appear as in Fig. 76. The following 
points should be noted particularly: (1) Phase A starts in slot 1, and phase 
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B starts in slot 4; (2) there are three coils per pole group (24/4 2); (3) suc- 
cessive pole groups in each phase carry currents in opposite directions; 
and (4) the arrows on the outside of the diagram show that any two adja- 
cent pole groups that carry currents in one direction are followed or preceded 
by two adjacent pole groups carrying currents in the opposite direction. 

Once the coil arrangements and the current directions have been deter- 
mined, it is theoretically immaterial how the individual coils of each phase 
are interconnected, so long as the currents enter at S, and Sz and follow 
the arrows. Practically, however, the interconnection of the coils in a wave 
winding must be done in accordance with established procedures, to be 
discussed in subsequent paragraphs. 


Current Directions in Three-phase Windings 


Figure 77 illustrates a 24-slot 4-pole 3-phase whole-coiled winding, 
which will be analyzed in exactly the same way as was done for the two- 
phase winding in the foregoing article. Again, the individual phases are 
shown in parts, with the coils located in their properly allotted slots. 
Assuming that phase A will have its start S4 in slot 1, phases B and C 
must have their starting points Sg and Sc in slots 5 and 9, respectively; 
note that slot 5 is 120 electrical degrees clockwise from slot 1 and that slot 
9 is 120 electrical degrees clockwise from slot 5, since, as before, there are 
30 electrical degrees between slots. 

Having selected the starting points for the three phases, the current direc- 
tions are arbitrarily regarded as entering S4, Ss, and Sc; this makes the 
time displacement between currents the same as the space displacement 
of the three windings. Under this condition, the current directions in the 
first pole groups A;, Bi, and C, are clockwise. With the reference pole 
groups established, it is next a simple matter to indicate the current direc- 
tions for the remaining ones, because successive pole groups of coils in any 
phase of a whole-coiled winding must create opposite magnetic polarities. 
Thus, A», B,, and C; must be marked counterclockwise, A3, B3, and C3 
must be shown clockwise, and A,, By, and Cy must have counterclockwise 
arrows. These markings may be verified by referring to Figs. 77a, b, and c. 

Figure 78 shows how the coil arrangements and the current directions 
appear when all three phases are combined into a single diagram. It should 
be carefully studied in connection with the following points: (1) Phases A, 
B, and C start in slots 1, 5, and 9, respectively; (2) there are two coils per 
pole group (24/4 X 3); (3) successive pole groups in each phase carry cur- 
rents in opposite directions; and (4) on the outside of the diagram successive 
arrows are oppositely directed. he latter point is especially useful to the 
shop man when a three-phase winding is to be connected or tested for 
accuracy, or when a winding diagram is to be laid out or traced. 
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fc) Phase C (—-—_o—o= ) 


Fic. 77. Coil arrangements and current directions in a 24-slot 4-pole 3-phase whole- 
coiled winding. 


As with a two-phase winding, once the proper coil arrangements and 
current directions have been established, interconnection of the various 
coils of any phase can proceed in a routine manner. The important thing 
to remember always is to follow the arrows. 


Connecting the Coils of a Wave Winding 
-The foregoing procedure will now be extended to show how a wave wind- 
ing is connected. For this purpose it will be desirable to start with Fig. 61, 
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which represents the coil arrangement of one phase of a three-phase wind- 
ing for a 36-slot 4-pole machine. Referring to this diagram, note that each 
pole group consists of three, single-turn wave coils (coils per pole group 
= 36/4 X 3); each coil is labeled with a capital letter such as A, B,.G, ete: 
and corresponding coil ends are labeled aa’, bb’, cc’, etc., respectively. 


pee Cae 


Phase Cy “~p 


Sos 


Fria. 78. Combined coil arrangements and current directions in a 24-slot 4-pole 3-phase 
whole-coiled winding. (See Fig. 77.) 


Also observe that S4 starts at a and that the outside arrows are properly 
directed to conform with previous discussions. 

Figure 79 represents this same phase completely connected in accordance 
with practices generally employed in the shop. It shows clockwise current 
direction for pole groups A; and A; and counterclockwise current direction 
for pole groups Az and Ay. Note that only one cross-connector FR is used 
for the entire phase; all other coils are connected together by joining the 
proper bent-out coil ends where they meet. ; 

The completed phase may be traced from S,4 to F'4 by advancing through 
the coils in the following order: (1) Start at S4 or at point a and proceed 
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in a clockwise direction through coils A, G, B, H, C, and J, ending at point 
v’; (2) pass along reversing connector R to point I’; (3) proceed in a counter- 
clockwise direction through coils L, F, K, E, J, D, ending at point d or 
F'4. It is important to understand that one-half of all the coils, made up 
of alternate pole groups, are traced in a clockwise direction; the reverse 


Fic. 79. Diagram showing one phase of a 36-slot 4-pole 3-phase wave winding com- 
pletely connected. Note that only one cross-connector R is used. (Refer to Fig. 61 for 
unconnected diagram.) 


connector then leads to the second half of all the coils to be traced in a 
counterclockwise direction. This tracing reversal, made possible by the 
reversing connector R, is absolutely necessary if the current directions 
through the successive pole groups of the phase are to reverse. Or, to put 
it another way, pole groups A, and A; carry clockwise currents and pole 
groups A» and A, carry counterclockwise currents only because connector 
R reverses one-half of the winding with respect to the other half. 

- Figure 80 shows the complete winding diagram, with all three phases 
connected in exactly the same manner as previously described. Bearing 
in mind the points made about phase A, the entire winding should be 
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traced and studied carefully. In doing so, note that phase A is drawn witb 
continuous and broken lines, phase B with dotted continuous and broken 
lines, and phase C with circled continuous and broken lines. The continu- 
ous and broken lines distinguish the top coil-sides from the bottom coil-sides. 


Phase _A (———) 
Phase B (-—e—--) 
Phase C (-—o—-) 


Fic. 80. Complete winding diagram for a 36-slot 4-pole 3-phase wave winding. Note 
that there are only three cross-connectors, Ra, Rg, and Re, and that a star connection 
is used. Refer to Fig. 79 for connections of phase A only. 


Figure 81 is a photograph of the start of a winding similar to that shown 
in the completed diagram of Fig. 80. It is on a 36-slot rotor for a 4-pole 
3-phase induction motor. Each of the coils of this winding has several 
turns of wire, while the diagram was drawn with single-turn coils so that 
it may be traced more easily. 

The completed rotor of Fig. 81 is depicted in Fig. 82. Note the neat, 
compact appearance and the three slip rings that were added after the 


? 


Fic. 81. Start of a 4-pole 3-phase wave winding in a 36-slot rotor for an induction motor. 
(The Louis Allis Co.) 


Fiq. 82. Completed 4-pole 3-phase wave winding in a 36-slot rotor. The start of the 
winding is shown in Fig. 81, and the diagram of connections is represented by Fig. 80. 
(The Louis Allis Co.) 
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winding was in place. The winding ends S4, Sz, and Sc are connected to 
the slip rings upon which brushes will ride when the motor 1s In operation. 


tC of! span=slots | to 10 4 


| Reverse connectors: | 
| Phase A=s/ots 30 to 3 | 
| Phase B= slots 36709 | 
| Phase C= slots 6 to/5 | 


Star point 
.3 coils per pole group 
Ne! 5 


Fig. 83. Simplified diagram of a wave winding (see Fig. 80) for a 36-slot 4-pole 3-phase 
machine. 


Simplified Diagram for Wave Windings 


A thorough understanding of a complete winding diagram, such as Fig. 
80, leads immediately to a simplified form similar to that given in Chap. 8 
for concentric-chain windings. Although the simpler diagram does not 
furnish detailed information, such as coil span, connections between coils, 
location of the reverse connectors, locations of start and finish points, ete., 
it can be made to serve just as effectively if its meaning is clearly inter- 
preted. Moreover, certain details that cannot appear on the simple draw- 
ing may be listed in a supplementary table. 

Figure 83 illustrates such a diagram for the same 36-slot 4-pole 3-phase 
winding previously given. When studied carefully in conjunction with the 
complete drawing, it will be seen to have considerable merit. 
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A simplified schematic diagram is given in Fig. 84 for a 36-slot 6-pole 
2-phase wave-wound machine. All identifying points are listed on the 
drawing. 


ay 
Slot Ll. PS 
Wate Af - Std 
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; Co// span = slot 1407 7 


| Reverse connectors: | 
| Phase Azslots 33to3 | 
| Phase B= slots 36106 | | 


Fic. 84. Schematic diagram of a wave winding for a 36-slot 6-pole 2-phase machine. 


Wave Windings with Unequal Pole Groups 

In the manufacture of a-c machines, a lamination having a given number 
of slots is often used for windings having several pole and phase combina- 
tions. Such practice results in considerable savings in the cost of expensive 
dies and also saves labor. 

Where the number of slots in the core can be divided by the product of 
poles and phases to yield an integer for several pole and phase combina- 
tions, completely symmetrical windings will be possible for all of them. 
This is owing to the fact that all pole groups will have the same number of 
coils when (slots/poles X phases) equals an integer. An excellent example 
is a lamination with 72 slots which will yield many three-phase and two- 
phase symmetrical windings. Thus, for three-phase, the number of coils 
per pole group will be 12, 6, 4, 3, and 2 when wound for 2, 4, 6, 8, and 12 
poles, respectively. And, for two-phase, the pee of coils per pole group 
will be 18, 9, 6, and 3 when wound for 2, 4, 6, and 12 poles, respectively. 
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In some winding combinations of poles and phases, it is either desirable 
or necessary to use a lamination in which all phases have the same number 
of coils, although all pole groups do not. A good illustration is a core hay- 
ing 90 slots, originally designed for a 6-pole 3-phase combination, that is 
to be wound for four poles and three phases. Since a double-layer wave 
winding in this core will have 90 coils, each phase contains 30 coils. Theo- 
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Fic. 85. Arrangement of coils for an unsymmetrical 4-pole 3-phase wave winding in 
a core having 90 slots. Note that the sum of the coils in each section of diametrically 
opposite pole groups is always 15 coils. The connections are made exactly like those 
in Fig. 83. 


retically then, each pole group should contain 73 coils (80/4); but, this 
being impossible, two pole groups in every phase must have eight coils each 
and the other two pole groups seven coils each. Remembering that the 
coils of a wave winding are always in two sections, one section to be traced 
in a clockwise direction and the other section to be traced in a counterclock- 
wise direction, the winding must be laid out with the same number of coils 
in each section. Moreover, the pole groups for all three phases must be 
planned to develop as little unbalance as possible. Figure 85 shows one 
arrangement of ‘pole groups that has proven quite satisfactory. Note 
particularly that the sum of the coils in any two diametrically opposite 
pole groups is always 15 because, for this four-pole winding, each section 
of two pole groups must have the same number of coils. 

Another example is a 48-slot core in which is placed a 6-pole 3-phase 
wave winding. Each phase will have 16 coils (48/3); but all pole groups 
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cannot have the same number of coils, because 16 coils cannot be divided 
equally into six parts. Asa result, every phase must have four pole groups 
of three coils each and two pole groups of two coils each [(4 x 3) + (2 x 2) 
= 16]. A possible arrangement of coils and their connections is shown 
in Fig. 86. 
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Fie. 86. Coil arrangement and connections for an unsymmetrical 6-pole 3-phase wave 
winding in a core having 48 slots. Note that the sum of the coils in each section of 
three pole groups is eight. 


Summary 

1. A wave winding is double-layer and has a set of coils that are all 
exactly alike in shape and size. 

2. Wave windings are found mainly on the rotors of induction-type 
machines where space limitations and mechanical balance of a revolving 
structure have special importance. 

3. The total number of coils in a wave winding is the same as the number 
of slots in the core. 

4. A double-layer winding has as many pole groups as poles. 
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5. Windings having as many pole groups as poles are called whole- 
coiled windings. This designation distinguishes them from half-coiled 
windings which have half as many pole groups as poles. 

6. The currents in the coils of the individual phases of a polyphase 
winding must be displaced, in time, by exactly the same number of degrees 
as they are in space, on the core. The time and space displacement must 
be 90 electrical degrees in 2-phase machines and 120 electrical degrees in 
3-phase machines. 

7. Successive pole groups of coils in any phase of a conventional whole- 
coiled winding must carry currents in opposite directions at the same time. 

8. In 2-phase windings, any two adjacent pole groups that carry cur- 
rents in one direction are followed or preceded by two adjacent pole groups 
carrying currents in the opposite direction. 

9. In 3-phase windings, the arrows on successive’ pole groups are 
oppositely directed. 

10. In wave windings, there is only one cross-connector per phase; all 
other coils are connected by joining the proper bent-out coil ends where 
they meet. 

11. The coils of each phase of a wave winding are connected in two 
sections. Starting at S,, one-half of the phase, consisting of coils in alter- 
nate pole groups, is traced in a clockwise direction, while the other half of 
the phase, consisting of the coils in the remaining pole groups, is traced 
in a counterclockwise direction. 

12. The reversing connector RF that joins the two sections of a wave 
winding makes it possible for the currents in successive pole groups of 
each phase to be in opposite directions. 

13. A lamination having a given number of slots is often used for 
windings having several pole and phase combinations. Such practice 
results in considerable savings in the cost of dies and also saves labor. 

14. When (slots/poles X phases) is an integer, the winding will be com- 
pletely symmetrical, since all pole groups will have exactly the same number 
of coils. 

15. In some cases laminations are used in which (slots/poles X phases) 
is not an integer. Under such conditions the windings will not be symmetri- 
cal, since all pole groups will not contain the same number of coils. How- 
ever, when unsymmetrical windings are carefully laid out they provide 
satisfactory service. 


CHAPTER 10 


Lap Windings 


The winding that is employed most widely for polyphase machines is 
the lap type. As was pointed out in Chap. 7, it too is double-layer and has 
coils that are all exactly alike in shape and size. And, like wave windings, 
it is whole-coiled because it has as many pole groups as poles. Since a lap 
winding has many design and construction advantages when used in the 
stators of induction motors, it has been universally adopted for such 
machines. It is also used frequently in the stators of alternators, although 
the concentric-chain winding (Chap. 8) is preferred for large-diameter, 
low-speed applications. This chapter, as well as several others to follow, 
will be devoted to a study of the principles and practices of the winding 
that certainly outranks the other two types numerically—the lap winding. 


Connection of Coils in a Pole Group 

It was previously learned that there are always as many coils in a pole 
group as the number of slots per pole per phase. This rule applies to both 
half-coiled or whole-coiled windings. In a concentric-chain winding, the 
coils in each pole group are always connected in series (see Figs. 65 and 68), 
because the machines into which this type of winding is placed generally 
have high-voltage ratings and, therefore, require many series turns per 
phase; the parallel connection of the coils in a pole group is possible but 
not practical. On the other hand, the coils in each pole group of a wave 
winding are always connected in series, because the coil construction and 
connection procedure automatically join together the coils in each section 
in this way. Finally, the coils in every pole group of a lap winding must 
be connected in series if an a-c machine is to operate satisfactorily, although, 
unlike the wave winding, a parallel connection is physically possible. 

Considering the lap winding further, remember that it is double-layer, 
and, as such, the coils within every pole group are displaced in space. This 
space displacement, therefore, implies that the generated voltages in the 
individual coils of a pole group, although equal to each other effectively, 
will not be in time phase; they will, in fact, be out of phase by exactly the 
same number of degrees as the space displacement. In three-phase wind- 


ings, for example, there will be two, three, and four coils per pole group 
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when the cores have six, nine, and twelve slots per pole, respectively. 
Under these conditions (see Fig. 87), the individual coils will be displaced 
from each other (1) by 180/6 = 30 degrees in the six-slots-per-pole core, 
(2) by 180/9 = 20 degrees in the nine-slots-per-pole core, and (3) by 180/12 
= 15 degrees in the twelve-slots-per-pole core. 

Assume next that the windings of Fig. 87 are in alternators and that the 
effective voltage per coil in each case is 10 volts when no load is being 
delivered by the machines. Now then, if the coils in each case were con- 
nected in parallel (this is done by joining a to b and a’ to b’ in the six-slot- 
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(a) SIX SLOTS PER POLE ~ = (6) NINE SLOTS PER POLE (c) TWELVE SLOTS PER POLE 
Fie. 87. Sketches illustrating phase displacements in three-phase lap windings. 


per-pole sketch, a to b to c and a’ to b’ to c’ in the nine-slot-per-pole sketch, 
and ato b toc tod and a’ to b’ to c’ to d’ in the twelve-slot-per-pole sketch), 
internal voltages would result in the pole groups, to cause circulating currents 
in the parallel-connected coils. These voltages could reach values that are 
as much as 5.2, 6.8, and 7.6, respectively, so that the parasitic circulating 
currents, apart from any load currents, could produce excessive heating 
in the windings. Considered from the standpoint of motor operation, the 
counter emf’s in the individual coils of the parallel-connected pole group 
would be out of phase by different amounts with the impressed voltage. 
This would result in excessive motor heating because the coil currents 
would be considerably greater than normal values. 

The foregoing discussion, therefore, leads to the conclusion that the coils 
of all pole groups in a lap winding must not be connected in parallel. When 
they are connected in series, however, there will be no circulating currents 
and the resulting temperature rise will be normal. 


Lap Winding Coil Construction 

Two general methods are used in constructing the coils of lap windings. 
For comparatively large machines in which the core has open slots, the 
individual coils are preformed on special equipment, after which they are 
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taped. Sometimes they are dipped in an insulating varnish and baked, 
although more often the dipping and baking operation of the completed 
stator is performed after the winding is in place. Figure 88 shows a photo- 
graph of a lap coil in two stages of construction. In the illustration to the 


Fic. 88. Form-wound two-turn lap coil shown in two stages of construction. Note 
that the conductor is made up of several parallel wires. (The Lows Allis Co.) 


right may be seen the untaped two-turn coil where the conductor is made 
up of several stranded rectangular wires; the illustration on the left shows 
a similar coil completely taped and ready for use. 

For the smaller machines, and particularly in those having cores with 
partially closed slots, all the coils in a pole group are wound on a gang 
mold with a continuous single wire. The coils are, therefore, automatically 
connected in series, so that no connecting and soldering operations are 
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required within each pole group. Figure 89 illustrates a three-coil gang 
for one pole group of a 36-slot 4-pole 3-phase lap winding. Also illustrated 
are insulation materials for the slots and the cotton tape that is used 
around the end connections of the coils after the latter are inserted in the 
slots. As was previously explained, untaped coils of this construction are 
fed into the slots, one or two wires‘at a time, between the narrow spaces 
separating the overhanging teeth. 


Fig. 89. Three-coil gang for one pole group of a lap winding. Insulation materials for 
slots and coils are also seen. (The Lowis Allis Co.) 


Current Directions and Pole-group Connections in Lap Windings 


Since lap windings are double-layer, and therefore whole-coiled, the 
current directions in successive pole groups of each phase must be opposite. 
This follows directly from what was said concerning wave windings in 
Chap. 9, where it was shown that the magnetic polarities created by suc- 
cessive pole groups must be opposite. Moreover, when the simplified 
wiring diagrams are drawn for lap windings, they will be found to be quite 
similar to those drawn for wave windings. As a result (1) in two-phase 
windings, the arrows on the outside of the diagram show that any two 
‘adjacent pole groups that carry currents in one direction are followed or 
preceded by two adjacent pole groups carrying currents in the opposite 
direction, and (2) in three-phase windings, successive arrows on the outside 
of the diagram are oppositely directed. 
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Connecting the Coils of a Lap Winding 

To understand how a lap winding is connected, it will be desirable to 
start with Fig. 63, which illustrates the coil arrangement for one phase 
of a three-phase four-pole winding in a 36-slot core. Note that there are 
four pole groups, in each of which are three coils (coils per group = 36/4 
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Fic. 90. Diagram showing one phase of a 36-slot 4-pole 3-phase lap winding completely 
connected. (Refer to Fig. 63 for unconnected diagram.) 


x 3). Each coil, labeled with a capital létter such as A, B, C, ete., is 
drawn to iadicate that there are several turns of wire, and with the wire 
ends emerging at the bottom center. 

Figure 90 represents the same phase completely connected. This was 
done first by joining the three coils in each pole group in series, and then 
by connecting the four pole groups in series so that successive pole groups 
carry currents in opposite directions. Tracing the phase from its starting 
_ point Su in slot 1, observe that the currents in the coils of the first and 
third pole groups Ai and A; are clockwise, while those in the second and 
fourth pole groups Az and A, are counterclockwise. 

Figure 91 shows the complete winding diagram, with all three phases 
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connected in exactly the same manner as previously described. In tracing ~ 
the diagram, it should be noted that phase A is drawn with continuous 
and broken lines, phase B with dotted continuous and broken lines, and 
phase C with circled continuous and broken lines. The delta (A) connec- 


Phase A (——) 
Phase B (---2--) 
Phase C (---0--) 


Fia. 91. Complete winding diagram for a 36-slot 4-pole 3-phase lap winding. The 
phases are interconnected in delta (A) with the line terminals as the junctions of F'4 and 
Sz, Fz and Sc, and F, and S4. Refer to Fig. 90 for connections of phase A only. 


tion was selected for this winding, so that the line terminals are the junc- 
tions of 4 and Ss, Fs and Sc, and Fg and S4. Also, the starting points 
of phases B and C are slots 7 and 13, respectively. Attention is again 
called to the fact that successive arrows on the outside of the drawing are 
oppositely directed; furthermore, the pole groups designated with odd 
subscripts have clockwise arrows, while pole groups with even subscripts 
have counterclockwise arrows. 


ef 
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After the detailed winding diagram has been studied and thoroughly 
mastered by the student, its simplified counterpart may be used thereafter 
to adequately represent lap windings having any combination of slots, 
poles, and phases. Moreover, the simpler drawing lends itself particularly 
well to the analysis of paralleled and two-speed windings, to be considered 
later. To illustrate further the 36-slot 4-pole 3-phase delta-connected 


LD 


Fic. 92. Simplified diagram of a lap winding (see Fig. 91) for a 36-slot 4-pole 3-phase 
machine. 


example, Fig. 92 is given. It is best understood when analyzed in terms 
of the completely developed winding diagram Fig. 91. 

Comparing the complete wave and lap winding diagrams of Figs. 80 and 
91, it is at once apparent that the latter has many more cross-connectors, 
7.e., connections between pole groups, than the former; in fact, the lap 
winding has nine while the wave winding has three. Moreover, in practice 
the cross connections are made after all the coils have been installed and 
joined together into pole groups.. The job of connecting the pole groups 
should, of course, be done carefully and accurately, because it is this opera- 
tion in the winding installation that usually determines whether or not a 
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Fic. 93. Photograph of an operator making the cross connections in a lap winding. 
(Reliance Electric and Engineering Co.) 


machine will perform satisfactorily. Figure 93 depicts an operator making 
the cross connections in a lap-wound stator. 


Interconnecting Pole Groups in Lap Windings 

In double-layer lap windings, every series-connected pole group of coils 
has two ends, one of which emerges from a coil-side in the top of a slot, 
and the other from another coil-side in the bottom of a slot. When the 
coils are formed like those illustrated by Figs. 62 and 88, the left end is a 
top and the right end is a bottom. An alternate coil design places the 
right coil-side in the top of one slot and the left coil-side in the bottom of 
another; in such cases the left end of a series-connected pole group of coils 
will be a bottom and the right end will be a top. Although the first of these 
has been arbitrarily selected for the drawings of this book, both schemes 
are employed in practice. 

Two general methods are used to interconnect the pole groups of each 
phase in lap windings. These are (1) the top-to-top (T-T) and bottom-to- 
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bottom (B-B) connection and (2) the top-to-bottom (T—B) and bottom- 
to-top (B-T) connection. 

1. The T-T, B-B connection. In this connection method, the pole 
groups of each phase are joined together in regular succession, as illustrated 


—D- Bd ®, won 
SS SSeS So ee 
SSS ~ i SSN TIS Sa 
es SS SS Sx 
| 
tt 
4 Ges Fre a 
pn oi Vt Ole 
SEA ie Ka Oa GEE: 
7op —— 
Bottom— (T-T) 
(B-B) (B-B) 
éS be’ 


Fie. 94. Sketch illustrating how the pole groups of one phase of a lap winding are 
connected with bottom-to-bottom (B-B) and top-to-top (T-T) connectors. 


by Fig. 94. Following the arrows from S to F, it will be observed that the 
magnetic polarities of successive pole groups will be opposite only if the 
T-T and B-B connections are used. 

2. The B-T, T—B connection. In this connection method, the pole groups 
of each phase are joined together in alternate succession. This implies that 
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Fig. 95. Sketch illustrating how the pole groups of one phase of a lap winding are 
connected with bottom-to-top (B-T) and top-to-bottom (T—B) connectors. 


one half of the coils, made up of alternate pole groups and carrying current 
in one direction, are first connected in series; the other half of the coils, 
made up of the remaining alternate pole groups and carrying current in 
the opposite direction, are next joined in series and to the first section. 
Figure 95 shows how this is done for the four pole groups of one phase of 
a lap winding. 

From the foregoing discussion it should now be clear that the T-T, 
B-B connection method was used in Figs. 91 and 92. 
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To extend the B-T, T-B connection method to include all phases of a 
three-phase lap winding, Fig. 96 is given. It is for a six-pole three-phase 
machine having a 54-slot core, with the phases connected in star. 

It is always important to remember that the arrows indicating the cur- 
rent directions in the coils ofthe various pole groups are exactly the same, 
regardless of which connection method is used. In fact, any desired se- 


Fic. 96. Simplified winding diagram illustrating the B~T, T—B connection method for 
a lap winding. 

quence may be employed in connecting the pole groups together if the 
arrows are carefully followed. However, since systematic procedures are 
generally preferable in making complex winding connections, the methods 
outlined have become standard in practice. 


Termination of the Line Wires 


It is customary to bring out the line terminal wires from the winding 
through a junction box conveniently fastened to the frame of the machine. 
In practice this is usually done by terminating the winding at points that 
are as Close to the junction box as possible, because the line leads can then 
be comparatively short. Remembering that the correct space displacement 
between the phases is determined solely by the proper current directions 
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through the coils of the various pole groups, it should be apparent that 
the location of the terminal points is entirely immaterial so long as the 
correct arrow directions are followed. 

The rule that should always guide the operator, when the line terminal 
points are selected, is that the points must always be traced into the first 


| Slots = 72 
| Poles =8 
| Phases =3 


connection =4 ps 


Line terrmina/s 
Fic. 97. Simplified lap winding diagram illustrating how the threé line terminal leads 
are brought out from three successive pole groups. The T—B, B-T connection method 
is used. 


pole groups of the respective phases in the direction of the arrows. Assuming 
that the starting points are properly chosen at the arrow tails, the first 
pole groups may be located in any part of a winding. 

In a three-phase winding the three line terminal wires may be brought 
out in two possible ways. In the first of these, the one that has consistently 
been used thus far, they are brought out from the arrow tails of three 
alternate pole groups. This may be noted in Figs. 96, 92, 86, and 83. Of 
course, the three alternate pole groups could just as well have been at 
either side of the core or at the bottom. In the second scheme the three 
line terminals may be traced to the arrow tails of three successive pole 
groups. Figure 97 shows such an arrangement for an eight-pole three- 
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phase delta-connected lap winding in a 72-slot core; the T-B, B-T connec- 
tion method is used to further illustrate the previous article. 


Insulating the Winding 

All electrical machines consist essentially of three kinds of material 
(1) copper wire, (2) iron, and (3) insulation. When current passes through 
the copper armature winding, magnetic flux is created in definite symmetri- 
cal patterns in the iron and air spaces. If an armature winding is to func- 
tion properly, the individual copper conductors must be thoroughly insu- 
lated from neighboring conductors in the same coil, from conductors in 
other coils, and from the iron, generally referred to as ground. Figure 89 
depicts several kinds of insulating material commonly employed for the 
winding of a-c machines. 

Since insulation serves no electrical or magnetic purpose, it is used as 
sparingly as possible. In other words, any reduction in the thicknesses 
of the insulating materials makes additional space available for a larger 
cross-sectional area of copper, with a resulting increase in the output of a 
given machine. Moreover, heat is dissipated more readily when the 
amount of insulation is reduced, and this leads to cooler operation. On 
the other hand, inadequate or poor insulation tends to subject the arma- 
ture winding to severe electrical stresses that may lead to complete break- 
down. It should be clear then that, among other things, a well-designed 
machine utilizes quality and quantity of insulation to such advantage that 
output is high, temperature rise low, and continuity of service long. 

Before an operator is ready to install a winding in a core, properly shaped 
insulating cells must be inserted in the slots; these are made of extremely 
high-quality materials such as special papers and varnished cambric. 
Since the voltage between winding and ground is a maximum, the slot 
cells usually ha¥e dielectric strengths in excess of 1,000 volts plus twice 
the rated voltage of the machine; this is in accordance with A.I.E.E. 
standards. The insulation on the wire itself may be enamel, Formvar or 
Formex, cotton coverings, or combinations of these; the wire insulation is 
generally adequate to withstand the low voltage between wires in the same 
coil and, in the end connections, wires in different coils in the same pole 
group. Where the wires in adjacent coils of different pole groups are likely 
to touch in the end connections, the voltage is generally higher than the 
wire insulation can tolerate; extra insulation is, therefore, needed between 
such coils. This so-called phase insulation is usually a strip of high-grade 
varnished cambric placed between every two adjacent coils in different 
pole groups or phases. 

Figure 98 illustrates a partially completed lap winding in the core of an 
induction motor. Clearly visible and extending out from the slots are 
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Fic. 98. Partially completed lap winding in the stator core of an induction motor. 
Note particularly the slot, wire, and phase insulations. (The Louis Allis Co.) 


the carefully shaped slot cells, which form a cushion for the bent coils, the 
wire insulation, and the phase insulation, the latter to be trimmed later 
when the winding is'completely installed. 

After the entire winding is in place and connected, it is the practice to 
dip the entire assembly into a hot insulating varnish and bake it for several 
hours in an oven. This operation adds further insulation and mechanical 
strength to the winding and protects it against the effects of water, oil, 
dirt, fumes, and other destructive elements. Figure 99 shows the com- 
pleted stator of Fig. 98, after the dipping and baking treatment and ready 
to be pressed into its housing. 


Summary 


1. The lap winding is the type most widely used in the stators of poly- 
phase machines. \ 

2. A lap winding is double-layer and has coils that are all exactly alike 
in size and shape. 
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Fic. 99. Completed stator of Fig. 98 after the dipping and baking treatment. (The 
Louis Allis Co.) 


3. The coils in each pole group of a concentric-chain winding are gener- 
ally connected in series, although it is possible to join them in parallel. 

4, The coils in each pole group of a wave winding are always connected 
in series, because the coil construction and connection procedure automati- 
cally join together the coils in each section in this way. 

5. The coils in each pole group of a lap winding must be connected in 
series if an a-c machine is to operate satisfactorily; a parallel connection 
is physically possible but not practically permissible. 

6. The coils in each pole group of a lap winding must not be connected 
in parallel because their effective voltages, although equal, are not in time 
phase with each other. 

7. When the coils of each pole group of a lap winding are connected 
in series, as they should be, there will be no circulating currents, and 
normal heating will result in the machine. 
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8. For rather large machines in which the cores have open slots, the 
coils of lap windings are preformed and taped. 

9. For comparatively small machines, or those having cores with par- 
tially closed slots, the coils for lap windings are usually wound on a gang 
mold. Each gang consists of the coils in one pole group, all wound with a 
single continuous wire. 

10. Successive arrows on the diagram of a three-phase winding must be 
oppositely directed. 

11. A lap winding has (P — 1) cross-connectors per phase compared 
with only one for the wave winding. 

12. Two schemes are used in interconnecting the pole groups of lap 
windings. They are (1) the top-to-top (T-T) and bottom-to-bottom 
(B-B) connection and (2) the top-to-bottom (T-—B) and bottom-to-top 
(B-T) connection. 

13. In the T-T, B—B connection method, the pole groups of each phase 
are joined together in regular succession. 

14. In the T—B, B-T connection method, the pole groups of each phase 
are joined together in alternate succession. 

15. The line terminal points may be brought out from any part of a 
polyphase winding. However, the line terminals must be selected so that 
they are traced into the first pole groups of the respective phases in the 
direction of the arrows. 

16. All electrical machines consist essentially of three kinds of material: 
(1) copper wire, (2) iron, and (8) insulation. 

17. The amount and quality of insulation chosen for the various parts 
of a machine should be adequate to protect the windings from breakdown. 
Too much insulation, however, limits the output of a machine and tends to 
increase the temperature rise. 


CHAPTER 11 


Winding Connections for Different Voltages 


It is sometimes necessary to change the winding connections of an a-c 
machine so that it will operate at a different voltage from the one for 
which it was originally designed. More often manufacturers bring out 
proper leads from the winding so that a motor may be connected for opera- 
tion at either of two different voltages, one of which is usually twice the 
other. To understand how winding connection changes affect operating 
voltages, certain fundamental principles must be recognized. This chapter 
will concern itself with a detailed discussion of these principles. 


Voltage per Pole Group 

When an a-c winding is designed, the total number of turns of wire in 
each phase is determined by the operating voltage across that phase. 
This implies that the correct voltage per turn is established and must not be 
changed, no matter what other changes are made. Thus, if a 440-volt motor 
is to be used on a 220evolt circuit, the winding connections must be altered 
correspondingly, so that the established voltage across each turn of wire 
is maintained when the lower line potential is applied. Assuming that 
all the turns in a phase are connected in series, it follows that the volts per 
turn are equal to the volts per phase divided by the turns per phase. 
Remembering that each phase is made up of pole groups, in each of which 
the coils are always connected in series, it must be true that the volts per 
pole group is fixed by the original winding design. This leads to the first 
fundamental principle concerning all winding and voltage changes, which 
may be stated as follows: Whenever the voltage across a machine is 
changed, the winding connections must be changed so that the original 
volts per pole group remains unaltered; conversely, whenever the winding 
connections are changed, the impressed line voltage must be changed so 
that the original volts per pole group remains unaltered. The same prin- 
ciple applies equally well to alternators, except that winding’ changes 
always affect the line voltage available at the terminals of the machine. 

An example should make this clear. Assume a four-pole delta-connected 
440-valt lap-wound motor, in which the four pole groups of each phase 
are connected in series. The winding connections are given in Fig. 92. 
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Under these conditions the voltage per pole group is 440/4 = 110. To use 
this motor on a 220-volt source, the four pole groups of each phase would 
have to be connected into two parallel paths because the voltage per pole 
group would remain 110 only if this were done. Moreover, the motor 
could also be operated satisfactorily from a 110-volt source if the four 
pole groups of each phase were connected into four parallel paths, since 
the volts per pole group would remain 110 in this case also. Figure 100 
shows schematically how the foregoing winding changes are made for one 
of the three phases. Note particularly that the arrow directions are 
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Fia. 100. Sketches illustrating how the pole groups of one phase of a three-phase wind- 
ing should be connected for three different phase voltages. Note particularly that’ the 
number of volts per pole group is the same for all connections. 


exactly the same for all three connections. The same changes would 
obviously be made for the other two phases, and the proper S and F points 
would be joined together to form the delta. It should be pointed out that 
each pole group would create equal fluxes regardless of the connection, 
because the volts per pole group remains unchanged... 

In the actual machine, a series-connected winding can readily be changed 
to a two-parallel connection by cutting the wire at x (Fig. 100a) and join- 
ing the A; and A: ends to S4 and F'4, respectively; corresponding changes 
are then made in the other two phases. To modify a series-connected 
winding to a four-parallel connection, wires would also have to be cut at 
y and z; the A» and A, ends are then joined to S4, while the & and A; 
ends are joined to F'4. 

To further illustrate the two-parallel connection for all three ee of a 
four-pole delta winding, Fig. 101 is given. The diagram may be readily 
studied if each phase is traced, through two parallel paths, from its start S 
to its finish F. 

A schematic diagram showing how the four-parallel delta connection 
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is made is illustrated by Fig. 102. Here again each phase should be traced 
separately from its start to its finish, the line terminals being the junctions 
of F,4 and Sz, Fs and Sc, and F¢ and Sa. 

At this point, mention should be made of the fact that any parallel- 
connected winding must always have the same number of series pole groups 


Fia. 101. Schematic diagram of a 4-pole 3-phase two-parallel delta-connected winding. 
See Fig. 92 for the series-connected delta diagram. 


in each of the parallel paths. This is obviously true because the voltage 
across all pole groups can be the same only under this condition. Thus, a 
six-pole winding can have a two-parallel, a three-parallel, and a six-parallel 
connection; it cannot have a four- or five-parallel connection. Further, 
an eight-pole winding can have two-, four-, and eight-parallel connections; 
there can be no three-, five-, six-, or seven-parallel connections. 


The Dual-voltage Winding 


A common practice among manufacturers of three-phase induction 
motors is to bring out nine terminal leads from the winding so that the 
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latter may be connected for operation on either of two voltages, one twice 
the other. From what has already been learned concerning winding and 
voltage changes, it should be evident that the series connection could be 
used for the higher potential and that the two-parallel connection should 
be used for the half-voltage rating. This is exactly the procedure that. is 
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Fig. 102. Schematic diagram of a 4-pole 3-phase four-parallel delta-connected winding. 
See Fig. 92 for the series-connected delta diagram. 


employed with the series-star and two-parallel star interconnections of the 
three phases as more practical than the delta. To accomplish this, each 
phase is split into two halves and leads are brought out from the winding, 
as illustrated by Fig. 103a. Then, if the leads are joined as shown in Fig. 
103b, the series-star—higher voltage connection—is made; the two-parallel 
—lower voltage connection—is made as shown by Fig. 103c. Note that 
the volts per pole group remain the same for both the series-star and two- 
parallel star arrangements because the voltage per phase is twice as much 
in the former as in the latter. 

Of course, the actual winding connections must follow the standard 
practice which requires definite current directions through the coils of the 
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Fig. 103. Sketches illustrating the winding connections for a dual-voltage motor. 


Fig. 104. Schematic diagram of a 6-pole 3-phase dual-voltage winding. See Fig. 103 
for sketches showing how the series-star and two-parallel star connections are made. 
(The B-T, T-B connections method is used here.) 


various pole groups. This is indicated by Fig. 104 for a six-pole three- 
phase winding, where the terminal leads are marked in exactly the same 
way as they appear in the simplified sketches of Fig. 103. 

Analyzing the two figures, note the following: ( 1) For the series-star 
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Fie. 105. Cutaway view of a three-phase induction motor in which nine terminal 
leads are brought out to be connected for either of two voltages. See Fig. 104 for dia- 
gram of connections. (Reliance Electric and Engineering Co.) 


connection, the two halves of each phase are joined in series by connecting 
a to d, b to e, and ¢ to f; thus the neutral or star point N is permanently 
made inside the machine; (2) for the two-parallel connection, the two 
halves of each phase are joined in parallel by connecting d to Ly, e to Le, 
f to Lz, and a to b toc, to form a second neutral point N’; this latter neutral 
point N’ is at the same electrical potential as the permanent neutral point 
N, so that the two need not be connected together as is customary when the 
winding is internally connected two-parallel star. 

Figure 105 shows a cutaway view of a dual-voltage squirrel-cage induc- 
tion motor in which the nine terminal leads that come out from the winding 


are clearly visible. 


Parallel-winding Transformations and Voltage Changes 

Table 2 lists all the possible parallel combinations in 2- to 16-pole 
motor windings, and the corresponding relative voltages as a percentage 
of the series-connected voltage when a change is made from one to another. 
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“TapLte 2. VOLTAGES OF PARALLEL-CONNECTED WINDINGS AS A PERCENTAGE OF 
A SERIES-CONNECTED WINDING 
Ce eee 
No. of poles 


. Connection 


2 4 6 8 10 12 14 16 
Series 100 100 100 100 100 100 100 100 
Q-parallel |. 50. | SOUL e80 | 500 4. 60 IPO. iP 80 aneno 
3-parallel 33.3 33.3 
4-parallel 25° 95 an ee ir 
5-parallel 20 
6-parallel Long 16.7 
panaiel 1143 
8-parallel ; 12.5 12.5 
10-parallel 10 
12-parallel 8.3 
14-parallel 7.15 
Teepe ite] 6.25 


To use the table, it is merely necessary to determine the ratio of the 
numbers corresponding to the changed and original windings; the new 
winding voltage is then obtained if this ratio is multiplied by the original 
winding voltage. The following examples illustrate the procedure. 


Exampue 1. A 2,200-volt 3-phase 8-pole motor has a winding that is 
connected series-star. List all possible parallel-star connections and the 
corresponding voltages that must be used in each case. 


Solution 
2-parallel star: 50/100 < 2,200 = 1,100 volts 
4-parallel star: 25/100 X 2,200 = 550 volts 
8-parallel star: 12.5/100 X 2,220 = 275 volts 


EXAMPLE 2. A 6-pole motor has a winding that is connected three- 
parallel delta, with a rating of 440 volts. How should this winding be 
reconnected for use on a 660-volt source? 


Solution 


The ratio of the new to the original voltage = 660/440 = 1.5 
Per cent value for three-parallel (Table 2) = 33.3 
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Per cent value for new connection = 33.3 X 1.5 = 50 
Connection for 50 per cent value (Table 2) = Ty 
Therefore, use a two-parallel delta connection 


vo-parallel 


Star-delta Winding Transformations and Voltage Changes 

For reasons that will appear later, it is frequently necessary or desirable 
to change a three-phase winding from a star connection to a delta connec- 
tion, and vice versa. When this is done, the impressed emf across the motor 
must be changed if the voltage across each pole group is to remain the 
same as in the original design. 
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(a) SERIES-STAR CONNECTION (6) SERIES-DELTA CONNECTION 


Fic. 106. Sketches showing relative voltages required for series-star and delta connec- 
tions of the same winding. 


Consider the simplified sketch of Fig. 106a, which represents a three- 
phase winding, connected series-star. Assuming EF volts between line 
terminals S4, Sz, and Sc, the voltage per phase will be E/V3, or 0.58E. 
Now then, if this winding is reconnected series-delta, as in Fig. 106b, the 
line terminal voltage becomes the volts per phase. It follows, therefore, 
that the required:emf for the series-delta winding is 0.58H because, under 
this condition, the volts per pole group remain unchanged. 

The second principle concerning winding changes may now be stated 
as follows: Whenever the winding connections are changed from a star to a 
delta of the same parallel grouping, the impressed emf must be lowered to 
58 per cent of the original voltage; conversely, when the change is from delta 
to star of the same parallel grouping, the impressed emf must be raised to 173 
per cent of the original voltage. 
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Exampue 3. A 440-volt induction motor winding is connected series-star. 
If the neutral point is opened and the three phases are interconnected in 
delta, what line voltage will produce the same operating performance as 
the series-star connection? 

Solution 


Line volts for delta = 0.58 & 440 = 254 


Three-phase Winding Transformations and Voltage Changes 

Combining the two principles concerning winding and voltage changes, 
a complete table may now be made, listing all possible star, delta, and 
parallel combinations of three-phase motor windings and their correspond- 
ing relative voltages as a percentage of the series-star connection. This 
is done in Table 3 for machines having 2 to 16 poles. As before, the table 
may be used by first determining the ratio of the numbers corresponding 
to the changed and original windings; the new winding voltage is then 
obtained if this ratio is multiplied by the original winding voltage. Two 
examples follow to illustrate the procedure. 


TABLE 3. VOLTAGES OF RECONNECTED WINDINGS AS A PERCENTAGE OF SERIES-STAR 
WINDING 


2 Poles 4 Poles 6 Poles 8 Poles 10 Poles | 12 Poles | 14 Poles , 16 Poles 
Star| Delta|Star/Delta/Star| Delta/Star| Delta Sas Delta|Star| Delta/Star) Delta|Star| Delta 
Series 100} 58 |100) 58 | 100; 58 | 100; 58 | 100} 58 | 100} 58 | 100} 58 | 100] 58 
2-parallel 50] 29 50} 29 50} 29 50] 29 50} 29 50] 29 50} 29 50| 29 
3-parallel 33.3 “19.3 33.3 | 19.3 
Vieralian as 25 14.5 25) 14.5 25) 14.5 25) 14.5 
5-parallel 20] 11.6 
euacie) ae 16.7 | 9.65. 16.7 | 9.65 
7-parallel i 7 ' 14.3 | 8.28 
Sberebets |e) 12.5| 7.25] Bi a 12.5) 7.95. 
10-parallel - ; peas 10 5.8 ee 
12-parallel j ‘ 8.35 | 4.83 
14-parallel z 7.15| 4.14 
16-parallel aes, 6.25] 3.63 


a ———————EEE EE 
Exampie 4. A 550-volt 6-pole three-parallel star-connected winding 
is changed to a two-parallel delta. (a) What theoretically correct voltage 


should be used across the: new connection? (b) What nearest standard 
voltage would prove satisfactory? 
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Solution 
(a) The ratio of the new to the original voltage = 29/33.3 = 0.87. 
The new correct voltage should be 0.87 X 550 = 478 
(b) The nearest standard voltage that would prove satisfactory is 460, 
which is about 4 per cent low. Since the output of a motor is approximately 
proportional to the square of the voltage, the motor could be expected to 
deliver about 92 per cent of its original rating at 460 volts 


EXampLe 5. It is desired to change the winding connections of a 12-pole 
440-volt series-delta motor so that it will operate satisfactorily from a 240- 
volt source. What change in winding connections should be made? 


Solution 
The ratio of the new to the original voltage = 240/440 = 0.546 
Per cent value for series-delta (Table 3) = 58 
Per cent value for new connection = 58 X 0.546 = 31.7 
Connection nearest 31.7 per cent value (Table 3) = three parallel-star, 
which indicates a 33.3 per cent value 
Therefore, use a three-parallel star, which is reasonably correct 


Two-phase Winding Changes 

Two-phase motor windings may also be changed so that they will perform 
satisfactorily on different voltages. Whether or not the two phases are 
interconnected is immaterial, however, since the voltage per phase is 
determined by considering the winding merely from the standpoint of 
paralleling pole groups. The same procedure followed in connection with 
three-phase windings, where Table 2 was used, is therefore applicable to 
two-phase windings. : 


The Star-delta Connections for Starting Induction Motors: ~ 

An interesting application of the star-delta principle involves the starting 
of an induction motor at reduced voltage. As is well known, when full 
voltage is connected across this type of motor during the starting period, 
the current may be unusually high. To limit the current to values that 
are considered safe, it is, therefore, customary to reduce the motor-starting 
voltage by one of several methods; the starting current is directly propor- 
tional to the voltage across the winding phase. Now then, assuming that 
the motor operates normally when the winding is connected in delta, the 
starting voltage per winding phase will be only 58 per cent of normal if, 
during the starting period, a star connection is used. Thus the starting 
current will be reduced 42 per cent below the full-voltage starting condition. 

Figure 107 illustrates the switching arrangement employed in this 
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starting scheme. To start the motor, the TPDT switch is closed in the 
“down” position; this connects the winding in star. After the motor 
reaches full speed, the switch is quickly closed in the ‘‘up”’ position; this 
connects the winding in delta, which is the normal operating connection. 
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Fic. 107. Wiring connections for starting an induction motor by the star-delta method. 


Summary 


1. The number of turns in each phase of an a-c winding is determined 
by the operating voltage across that phase. 

2. The volts per pole group in a winding is fixed by the original winding 
design, and must remain constant for any change in connections. 

3. Whenever the voltage across a machine is changed, the winding 
connections must be changed so that the original volts per pole group re- 
main unaltered. 

4. Whenever the winding connections are changed, the impressed line 
voltage must be changed so that the original volts per pole group remain 
unaltered. 

5. Any parallel-connected winding must always have the same number 
of series pole groups in each of the parallel paths. 

6. Manufacturers frequently bring out nine leads from the winding of 
an induction motor so that it may be operated on either of two voltages, 
one twice the other. When this is done, the series-star connection is used 
for the higher potential and the two-parallel star for the half-voltage 
operation. 

7. In all winding connections, it is imperative that standard ‘current 
directions through the coils of the various pole groups be maintained. 


WINDING CONNECTIONS FOR DIFFERENT VOLTAGES 133 


8. Whenever the winding connections are changed from star to delta 
of the same parallel grouping, the impressed emf must be lowered to 58 
per cent of the original voltage. 

9. Whenever the winding connections are changed from delta to star 
of the same parallel grouping, the impressed emf must be raised to 173 
per cent of the original voltage. 

10. The same principles concerning parallel-winding and voltage changes 
are applicable to two-phase windings. 

11. Three-phase motors are sometimes started by the so-called star- 
delta method, to limit the starting currents to reasonable values. This can 
be done only if the winding is designed to operate normally when connected 
in delta. Thus, when the winding is connected in star during the starting 
period, the impressed voltage per winding phase is reduced to 58 per cent 
of normal; the starting current is thereby reduced correspondingly. 


CHAPTER 12 


Fractional-pitch Lap Windings 


Thus far, in the study of lap windings, all coils were assumed to have a 
span of exactly 180 electrical degrees; such windings are said to be full- 
pitch. Although full-pitch windings are employed in some designs, a more 
common winding arrangement is to have coils whose spans are less than 
180 electrical degrees. Such windings, called fractional-pitch, have definite 
advantages over the full-pitch construction and are, therefore, the pre- 
ferred type. They will be considered in this chapter. 


Definition of Fractional Pitch 


The term pitch refers to the span of a coil; in a double-layer lap winding 
it is the same for all the coils, since they are all exactly alike in size and 
shape. If the two sides of a coil are placed into slots that are 180 electrical 
degrees apart, both coil and winding are said to be full-pitch. For example, 
if a 4-pole winding were placed in a 48-slot core, it would be full-pitch if 
the coil-sides of each coil occupied slots 1 and 13, there being 48/4, or 12, 
slots per pole. Another term that is sometimes used to indicate a 180- 
degree pitch is 100 per cent pitch. 

When the coil span is less (and, in some special cases, more) than 180 
electrical degrees, both coil and winding are referred to as fractional-pitch. 
Thus, if the foregoing 4-pole winding in the 48-slot core has coils that are 
placed in slots 1 and 12, or 1 and 11, or, in general, 1 and any number less 
than 13, both coils and winding are said to be fractional-pitch. The term 
fractional pitch derives from the fact that the coil span is a fraction of a 
pole pitch, z.e., the distance between the centers of two adjacent poles, or 
180 electrical degrees. Another designation for the fractional-pitch wind- 
ing is on a percentage basis, which merely implies that the coil span is a 
certain per cent of a full-pitch (100 per cent) coil. 

Again using the 48-slot core as an example, the following fractional 
pitches may be listed with their corresponding degrees and per cent values: 
Slots 1 to 12, 165 degrees, 91.7 per cent; slots 1 to 11, 150 degrees, 83.3 
per cent; slots 1 to 10, 135 degrees, 75 per cent; slots 1 to 9, 120 degrees, 
66.7 per cent; slots | to 8, 105 degrees, 58.3 per cent; slots 1 to 7, 90 degrees, 
50 per cent. In practice, fractional-pitch windings are never less than 50 
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per cent and seldom less than 66.7 per cent. Figure 108 illustrates a number 
of fractional-pitch lap coils for windings with different slot, pole, and span 
combinations. 
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Fie. 108. Sketches illustrating fractional-pitch lap coils and their corresponding degrees 
and per cent values. The 100 per cent pitch coils are indicated for comparison. 


Advantages of Fractional-pitch Windings 


In alternators, it is extremely desirable that the generated alternating 
voltage wave be, as nearly as possible, a sine wave. Although the ideal is 
never attained in the practical machine, disturbances, in the form of har- 
monics, may be lessened by using fractional-pitch windings. Thus, for 
example, if a third harmonic interferes markedly with the generation of a 
sine wave (a third harmonic has a frequency that is three times the desired, 
or fundamental, frequency), a fractional pitch of 120 electrical degrees, 
i.e., 6624 per cent, will entirely eliminate the particular harmonic. Or, if 
the fifth harmonic tends to distort the sine wave, a 144 degree (80 per 
cent) fractional-pitch winding will erase the disturbance. No single-coil 
pitch will eliminate all harmonics, but the one that is selected by the 
designer will usually help to develop a distortionless wave. In general, 
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however, a harmonic of the order n may be entirely eliminated if the per 
cent pitch is equal to [1 — (1/n)] 100. 

Other factors remaining unchanged, the effect of a fractional pitch is to 
lower the generated voltage in the coils of an alternator, with a resulting 
reduced terminal emf. The.practice is, therefore, equivalent to reducing 
the number of turns of wire in the coils of a full-pitch winding. Or, to put 
it another way, for the same terminal voltage, a fractional-pitch winding 
must have more turns per coil than a full-pitch winding. Advantage is 
taken of this fact, in winding design, by selecting a fractional pitch that 
in calculation yields a whole number of turns per coil, where a full-pitch 
winding would require part of a turn in addition to the complete turns. 
To illustrate, suppose calculations for a full-pitch winding indicate that 
514 turns of wire should be used for each coil, under given operating condi- 
tions. Since partial turns are practically impossible, 6-turn fractional- 
pitch coils, with the correct coil span, will develop the same voltage as 514- 
turn full-pitch coils. Eq. 5 in Chap. 2 may be used to determine the correct 
fractional pitch in such cases. In the above example, k, = 5.5/6 = 0.917. 
Since the sine of 66.5 degrees = 0.917, the coil pitch must be 2 X 66.5 
degrees = 133 degrees. If the number of slots in the core does not permit 
the use of the calculated value, adjustments may usually be made in other 
quantities. 

The average length of each turn of a fractional-pitch coil is less than that 
in the full-pitch coil because the end connections (the portions extending 
beyond the core at both ends) are shorter. This tends to reduce the wind- 
ing resistance, and therefore, the copper loss, slightly, although the 
increased number of turns indicated above may offset the reduction some- 
what. Much more important gains, however, are a stiffer winding, nar- 
rower (axially) bearing brackets, and consequently a shorter distance 
between bearings. Figure 108 clearly illustrates why the axial length of 
a fractional-pitch coil is less than that of a full-pitch coil; note the com- 
parative difference between the overhangs of the two coils in each of the 
sketches. In other words, fractional-pitch windings tend to improve elec- 
trical machines mechanically. 

The torque developed by an induction motor and the power factor at 
which it operates depend to a large extent upon flux, created by the stator 
winding, that does not link with the rotor conductors. This flux is called 
leakage flux, and it gives rise to the so-called leakage reactance of the motor. 
One way to improve the motor torque and power factor is to minimize the 
leakage flux, and therefore the leakage reactance; this may be accomplished 
to some extent by employing a fractional-pitch winding. 

Still another advantage resulting from the shortening of the coil span is 
to reduce the magnetic noise developed in the motor. This is sometimes 
especially important in installations where quiet operation is essential. 
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Conductor Arrangements with Different Coil Spans 

When a full-pitch polyphase double-layer lap winding is used, each slot 
contains conductors that are part of the same phase. This is clearly seen 
in Fig. 91, which illustrates a 36-slot 3-phase full-pitch lap winding. Note 
particularly that definite slots are allotted to each phase, with no slot con- 
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Fic. 109. Sketches illustrating arrangement of coil-sides in the slots of a 36-slot core for 
a 4-pole 3-phase double-layer lap winding with different coil pitches. 


taining conductors that are parts of different phases. It is, in fact, as 
though three independent single-phase windings were placed in three 
separate portions of the core. 

Fractional-pitch windings, on the other hand, differ from full-pitch 
windings in the above respect because the conductors in the various slots 
may or may not belong to the same phase. In two- and three-phase 
windings, no slot will have conductors that are parts of the same phase if 
the coil pitches are 90 and 120 electrical degrees, respectively. For all 
other fractional pitches, the top and bottom layer coil-sides will belong to 
different phases in some slots and the same phase in others. 

Referring to Fig. 109, it will be observed that several arrangements of 
coil-sides are shown in a portion of a 36-slot core for a 4-pole 3-phase double- 


138 ALTERNATING-CURRENT ARMATURE WINDINGS 


layer winding. In the full-pitch winding (coil span = I to 10) every slot 
contains coil-sides that are part of the same phase, while in the 120-electri- 
ral degree fractional-pitch winding no slot has coil-sides that belong to the 
same phase. For the other two coil pitches, Figs. 109) and c, top and 
bottom coil-sides are phase matched in some slots and not in others. 


Fie. 110. Operators installing and connecting fractional-pitch windings. (Reliance 
Electric and Engineering Co.) 


The important conclusion that must be drawn from the foregoing analy- 
sis is that a winding will create maximum flux for each ampere of current 
if the coil span is full-pitch; for coil pitches less than 100 per cent, the 
fluxes diminish on the basis of the pitch factor (see Chap. 2). Thus, in 
Figs. 109b, c, and d, where the fractional pitches are 160, 140, and 120 
electrical degrees, respectively, and where the corresponding pitch factors 
are 0.985, 0.940, and 0.866, the total created fluxes will have values that 
are 0.9850 m, 0.940», and 0.866@,,, in the order given. Therefore, in so far 
as motors are concerned, where the developed torque is a direct function 
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of the flux, fractional-pitch windings usually have more turns of wire than 
full-pitch windings for equivalent output ratings. 


Installing and Connecting Fractional-pitch Windings 

The coils of all double-layer windings are inserted in the core in exactly 
the same way, regardless of whether the coil span is full-pitch or fractional- 
pitch. As was previously pointed out, in machines of comparatively small 
size it is the practice to form the coils in gangs (the number of coils per 


Fig. 111. Stator showing a fractional-pitch winding partially completed. See Fig. 110 
for the starting operation. (Reliance Electric and Engineering Co.) 


gang = slots/poles X phases), with the distance between coil-sides and 
the amount of overhang determined by the core dimensions and the coil 
span. Moreover, winding connections for full-pitch and fractional-pitch 
coils are identical, so that what has been said concerning the former applies 
equally well to the latter. 

Figure 110 shows an operator (in the foreground) starting a 4-pole 
3-phase fractional-pitch lap winding in a 36-slot core. Note the three-coil 
gangs and the various kinds of insulation on the table; also observe that 
the left coil-sides of the first pole group are in place in the slots. Since 
the coil span is slots 1 to 8, this.is a fractional-pitch winding with a 140- 
degree, or 77.8 per cent, pitch; it is represented by Fig. 109c. As the winding 
installation proceeds, phase insulation must be placed in the end connec- 
tions between the coils of successive pole groups. This may be seen in 
Fig. 111, which is the same stator, illustrated by Fig. 110, after one-half 
of the coils were installed. Particular attention is called to the right coil- 
sides of the first seven coils that are deliberately left out of the slots. Since 
these coil-sides must occupy the upper layer, they cannot be inserted into 
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Fia. 112. Complete wiring diagram of a 4-pole 3-phase fraction 
is slots 1 to 8; this is 140 electrical degrees, or 77.8 per cent. 


this winding. 
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Fia. 113. Stator core with 48 slots shown with one two-coil gang in the slots. See Fig. 
114 for the complete wiring diagram for this fractional-pitch winding. (Reliance Electric 
and Engineering Co.) 

their proper slots until the left coil-sides of the last seven coils have been 
placed in the lower layer. Then, after all the coils are in place, the final 
interconnections are made between pole groups and phases; this operation 
may be seen in the background of Fig. 110. 

-To emphasize further the importance of the typical fractional-pitch 
winding represented by Figs. 109c, 110, and 111, a complete diagram of 
connections is given in Fig. 112. Especially notice that only one-third 
of all the slots, 12 in number, contain top and bottom coil-sides that belong 
to the same phase; these are slots 1, 10, 19, and 28 for phase A, slots 4, 18, 
22, and 31 for phase C, and slots 7, 16, 25, and 34 for phase B. 

A photograph illustrating the start of another fractional-pitch lap 
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winding is shown in Fig. 113. It is for eight poles and three phases, with 
a coil span of slots 1 to 6, in a 48-slot core. One of the two-coil gangs 
(48/8 X 3) may be seen in the lower left, as well as another with the left 
coil-sides in the slots. Since there are six slots per pole (48/8) in this 
winding, the fractional-pitch is 5/6 < 180 degrees = 150 degrees or 
5/6 X 100 = 8314 per cent. The complete wiring diagram is represented 
by Fig. 114, in which six terminal leads are brought out for either a star 
or delta connection. Note particularly that only one-half of all the slots, 
24 in number, contain top and bottom coil-sides that are part of the same 
phase. 
Summary 

1. The pitch of a coil refers to its span. In double-layer lap windings 
all coils have the same pitch. 

2. If the span of a coil is 180 electrical degrees, it is said to be full-pitch; 
the winding is then called a full-pitch winding. 

3. If the span of a coil is less than 180 electrical degrees, it is said to be 
fractional-pitch; the winding is then called a fractional-pitch winding. 

4. The pitch of a coil or winding is often specified in per cent. A 180- 
electrical degree pitch is equivalent to 100 per cent, while a pitch less than 
180 degrees is the proportional part of 100 per cent. 

5. Fractional-pitch windings have the following advantages: (1) The 
voltage wave of an alternator may be made to approach the ideal sine 
wave; (2) the amount of copper is reduced; (3) the copper loss is reduced; 
(4) adjustments may be made in the number of turns per coil so that 
fractional turns may be avoided; (5) the coil extensions are shorter, which 
results in a stiffer winding, narrower bearing brackets, and a shorter 
distance between bearings; (6) the leakage reactance is reduced, and this 
results in more torque and better power factor in a motor; (7) magnetic 
noise may be reduced for quiet operation. 

6. In full-pitch windings, each slot contains conductors that are part 
of the same phase. 

7. In two-phase windings, no slot will contain conductors that belong 
to the same phase if the pitch is 90 electrical degrees. 

8. In three-phase windings, no slot will contain conductors that belong 
to the same phase if the pitch is 120 electrical degrees. 

9. For all pitches other than those listed in items 7 and 8, top and 
bottom layer coil-sides will belong to different phases in some slots, and 
the same phase in other slots. 

10. A fractional-pitch winding creates less flux per ampere than an 
equivalent full-pitch winding. 

11. Windings are installed in a core in exactly the same way, regardless 
of whether the coil span is full-pitch or fractional-pitch. 


CHAPTER 13 


Fractional-slot Lap Windings 


The number of slots in the core of a machine in which a double-layer 
lap winding is placed is generally a multiple of the product of poles and 
phases. Under this condition all pole groups have exactly the same number 
of coils, connected in series, of course; the coils per pole group will then 
be (slots/poles X phases), because total slots equal total coils.. In some 
winding designs, however, (slots/poles X phases) does not yield an integer, 
and this obviously means that all pole groups will not have the same number 
of coils. Although windings of this sort are not perfectly symmetrical, 
machine operation will be. satisfactory if the unequal pole groups are 
distributed around the core in a fairly uniform manner. This chapter will 
be concerned with the problem of arranging the pole groups in a way that 
will provide a good degree of symmetry. 


Coils per Pole Group in Symmetrical Lap Windings 

All polyphase double-layer lap windings, whether symmetrical or un- 
symmetrical, must have the same number of coils per phase. This does 
not mean that all pole groups must have equal numbers of coils, although 
complete symmetry will result when they do. If a core has a number of 
slots that is equal to the product of an integer and poles X phases (1) all 
pole groups will be identical, (2) the winding will be symmetrical, and 
(3) the integer represents the number of coils in each pole group. Table 4 
lists all the possible coils-per-pole-group combinations for 2- to 32-pole 
3-phase symmetrical windings, in cores having 12 to 96 slots. 

It is interesting to note in the table that symmetrical three-phase wind- 
ings can result only if the number of slots (or coils) is a multiple of six. ‘ 
Moreover, the integers that appear under each of the pole headings are 
obtained by dividing the number of slots by 3 x P. For example, a 72-slot 
core can be wound symmetrically for 2, 4, 6, 8, 12, and 24 poles; and ‘the 
number of coils per pole group will be, respectively, 72/3 x 2 = 12, 
72/8 X4=6, 72/3X6=4, 72/3X8=3, 72/3xX12=2, and 
72/3 X 24 = 1. 

Table 5 lists all the possible coils-per-pole-group combinations for 2- to 
32-pole 2-phase symmetrical windings, in cores having 12 to 64 slots. 
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Referring to the table, observe that symmetrical two-phase windings 
can result only if the number of slots (or coils) is a multiple of four. More- 
over, the integers that appear under each of the pole headings are obtained 
by dividing the number of slots by 2 * P. For example, a 48-slot core can 
be wound symmetrically for 2, 4, 6, 8, 12, and 24 poles, and the number 
of coils per pole group will be, respectively, 48/2 X 2 = 12, 48/2 K 4 = 6, 
48/2 X 6 = 4, 48/2 X 8 = 3, 48/2 X 12 = 2, and 48/2 X 24 = 1. 


Determining Coils per Pole Group in Unsymmetrical Lap Windings 


1. Three-phase windings. The first important requirement for all poly- 
phase windings is that there be the same number of coils in every phase. 
Assuming all pole groups to be connected in series, the total number of 
coils in a three-phase lap winding must, therefore, be a multiple of three; 
this implies that the number of core slots must be a multiple of three. Now- 
then, if the number of poles divides evenly into coils per phase, the winding 
will be symmetrical; if not, the winding will be unsymmetrical in the sense 
that all pole groups will not be similar. Under the latter condition one or 
more of the P pole groups will have one more coil than the others. 

An example should make this clear. A 48-slot core can be used for three- 
phase service. because 48 is a multiple of 3; each phase will have 16 coils. 
Since 16 divides evenly by 2, 4, 8, and 16, symmetrical lap windings will 
result if they are for two, four, eight, or sixteen poles; under these condi- 
tions the number of coils per pole group will be 8, 4, 2, and 1, respectively. 
If the winding is for six poles, however, the average number of coils per pole 
group will be 16/6 = 224. Since fractional coils are obviously impossible, 
a practical winding must, therefore, have two pole groups of two coils each 
and four pole groups of three coils each. Note that these combinations 
result in a total of six pole groups and a total of sixteen coils for each phase, 
as required. : 

Another example is a 144-slot core with a 14-pole 3-phase lap winding. 
Since 144 is a multiple of three, there will be 48 coils per phase. With 14 
poles, the average number of coils per pole group will be 48/14 = 334. 
Again, since fractional coils are impossible, a combination of pole groups 
must be found that fulfills the following requirements for each phase: 
(1) There must be 14 pole groups; (2) there must be a total of 48 coils; 
(3) coils per pole group must not differ by more than one coil in the various 
groups if the unbalance is to be a minimum. After a little thought on the 
matter—since no general rule can be given for this—it is found that the 
only combination that will satisfy the foregoing is 6 pole groups of 4 coils 
and 8 pole groups of 3 coils. Note that (6 X 4) + (8 X 8) = 48 coils, 
and (6 + 8) = 14 pole groups. 
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Exactly how the pole groups with the differing numbers of coils are 
arranged for all three phases will be discussed later; for the present it is 
well to understand that satisfactory operation will result if the unequal 
pole groups are distributed fairly evenly. 

Table 6 lists cores having 15 to 99 slots, with possible three-phase wind- 
ings having 2 to 32 poles. Under each pole heading is given the number of 
unsymmetrical groups G and the number of cotls per pole group C/G for the 
various slot or coil combinations. Thus, a 69-slot machine wound for 10 
poles will have, per phase, 7 groups of 2 coils and 3 groups of 3 coils; total 
groups = (7 + 3) = 10, and total coils = (7 X.2) + (8 X 3) = 23. Also, 
a 93-coil 12-pole winding will have, per phase, 5 groups of 2 coils and 7 
groups of 3 coils; total groups = (5 + 7) = 12, and total coils = (5 Xx 2) 
+ (7 X 3) = 31. 

2. Two-phase windings. Table 7 lists cores having 12 to 66 slots, with . 
possible two-phase windings having 2 to 32 poles. It is used in exactly the 
same way as is the three-phase table. For example, a 54-coil 8-pole wind- 
ing will require, per phase, 5 groups of 3 coils and 3 groups of 4 coils; total 
groups = (5 + 3) = 8, and total coils = (5 X 3) + (8 X 4) = 27. 


Systematic Arrangement of Unsymmetrical Three-phase Windings 
—Special Rules 

Unsymmetrical windings always have two differing sets of pole groups 
per phase; there is one more coil in each pole group of one set than in each 
pole group of the other set. 

Rule 1. When there are exactly dhe same number of pole groups 
in each of the two sets, the three-phase winding must be arranged 
so that successive pole groups have different numbers of coils. 
This rule leads-to an extremely simple way of arranging the pole groups, 
because the sequence is systematic and regular. To lay out such a winding, 
the following procedure is suggested: (1) Calculate the number of coils 
per phase by dividing the slots by 3; (2) determine the number of each set 
of pole groups with the corresponding coils per pole group, using Table 6 
or working out the proper combinations by trial and error; (38) draw a 
circle, divide it first into P parts, and then divide each pole section into 
three parts to represent pole groups; (4) label each pole group with proper 
phase letter A, B, or C; (5) starting at any point, place numbers in each 
pole-group division in regular succession around the circle, alternating the 
numbers corresponding to the two different coils-per-pole-group values 
found in (2). 

Two examples will now be given to illustrate the procedure. 
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G 


’ 


inding (see Table 4) 


WL 


S = Symmetrical 
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G = No. of pole groups per phase; C/G = No. of coils per pole group. 


Symmetrical winding (see Table 5); 


S= 
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Exampue 1. Lay out the coils for a six-pole lap winding in a 63-slot 
core, and connect the pole groups and phases in series-delta. 


Solution 

(a) Coils per phase = 63/3 = 21 

(b) Referring to Table 6, there will be 3 pole groups of 3 coils each, and 
3 pole groups of 4 coils each. Total pole groups per phase = (3 + 3) = 6; 
total coils per phase = (3 X 3) + (8 X 4) = 21 

(c) Figure 115a shows a circle divided into a total of 18 pole group parts, 
with phase letters properly identifying each part 

(d) Figure 115b shows the simple numbering scheme indicating the 
number of coils in each pole group. Note that the numbers 3 and 4 follow 
each other around the circle with complete regularity, thus: 3, 4, 3, 4, 3, etc. 

(e) Figure -115¢ shows the winding connected in series-delta 


(a) LAYOUT OF POLES AND PHASES (6) LAYOUT OF COIL NUMBERS (c) DELTA CONNECTED WINDING 


Fic, 115. Steps in the layout and connection of a 6-pole 3-phase unsymmetrical lap 
winding for a 63-slot core. This winding is connected series-delta. (See Example 1.) 


Exampue 2. Lay out the coils for a ten-pole lap winding in a 135-slot 
core, and connect the pole groups and phases in series-star. 


Solution 

(a) Coils per phase = 135/3 = 45 

(b) Determined by trial and error, this winding must have 5 pole groups 
of 4 coils each, and 5 pole groups of 5 coils each. Total pole groups per 
phase = (5 + 5) = 10; total coils per phase = (5 X 4) + (5 x 5) = 45 

(c) Figure 116 shows the schematic diagram of the winding with the 
phase letters and the corresponding coil numbers (4 and 5) on the pole 
groups. Note the regular sequence of numbers 4, 5, 4, 5, 4, ete. 
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Fig. 116. Schematic diagram of an unsymmetrical 10-pole 3-phase lap winding for a 
135-slot core showing the phase letters and the corresponding coil numbers on the pole 
groups. This winding is connected series-star. (See Example 2.) 


Rule 2. When there are three times as many pole groups in one 
set, X, as in the other set, Y, the three-phase winding must be 
arranged so that the pole groups follow the regular sequence, 
X-X-X-Y, X-X-X-Y, X-X-X-Y, ete. 

This rule is illustrated by two examples with their accompanying wind- 
ing diagrams. 


EXAMPLE 3. Lay out the coils for an eight-pole lap winding in a 90-slot 
core, and connect the pole groups and phases in two-parallel star. 


Solution 
(a) Coils per phase = 90/3 = 30 
(b) Referring to Table 6, there will be 2 pole groups of 3 coils each, and 
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6 pole groups of 4 coils each. Total pole groups per phase = (2 + 6) = 8; 
total coils per phase = (2 X 3) + (6 X 4) = 30 

(c) Figure 117 shows the schematic diagram of the winding with the 
phase letters and the corresponding coil numbers (3 and 4) on the pole 
groups. Note the regular sequence of numbers 4—4-4-3, 4-4-4-3, 4-4-4-3, 
etc. It should be pointed out that an unsymmetrical winding may be 
connected with parallel paths in each phase—two-parallel in this example 
—only when all parallel paths have equal numbers of coils 


lene, Wily Schematic diagram of an unsymmetrical 8-pole 3-phase lap winding for a 
90-slot core showing the phase letters and the corresponding coil numbers on the pole 
groups. This winding is connected two-parallel star. (See Example 3.) 


EXXaMPLe 4. Lay out the coils for a 12-pole lap winding in a 117-slot 
core, and connect the pole groups and phases in three-parallel star. 
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Or 


Solution 

(a) Coils per phase = 117/3 = 39 

(b) Determined by trial and error, this winding must have 3 pole groups 
of 4 coils each, and 9 pole groups of 3 coils each. Total pole eroups per 
phase = (8 + 9) = 12; total coils per phase = (3 X 4) + (9 x 3) = 39 

(c) Figure 118 shows the schematic diagram of the winding, with the 
phase letters and the corresponding coil numbers (4 and 3) on the pole 
groups. Note the regular sequence of the numbers 3-3-3-4, 3-3-3-4, 
3-3-3-4, ete. In this three-parallel winding, each of the paths in each 
phase has 18 coils 


Fic. 118. Schematic diagram of an unsymmetrical 12-pole 3-phase lap winding for a 
117-slot core showing the phase letters and the corresponding coil numbers on the pole 
groups. This winding is connected three-parallel star. (See Example 4.) 


Systematic Arrangement of Unsymmetrical Two-phase Windings 
—Special Rules 

Rule 3. When there are exactly the same number of pole groups 
in each of the two sets, the two-phase winding must be arranged 
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so that pairs of the two different numbers of coils per pole group’ 
follow in succession around the core. 

This simple rule is illustrated by the following example and its accom- 
panying winding diagram. 

Exampue 5. Lay out the coils for an eight-pole two-phase unsymmetrical 
lap winding in a 56-slot core, connecting the pole groups in each phase in 


four parallel paths. 
Solution 


(a) Coils per phase = 56/2 = 28 

(b) Referring to Table 7, there will be 4 pole groups of 3 coils each, and 
4 pole groups of 4 coils each. Total pole groups per phase = (4 + 4) = 8; 
total coils per phase = (4 X 3) + (4 X 4) = 28 

(c) Figure 119 shows the schematic diagram of the winding, with the 
phase letters and corresponding coil numbers (3 and 4) on the pole groups. 
Note the regular sequence of numbers 3-3, 4-4, 3-3, 4-4, ete., in accordance 
with Rule 3. In this four-parallel winding, each path has 7 coils in series 


Fie. 119. Schematic diagram of an unsymmetrical 8-pole 2-phase lap winding for a 
56-slot core showing the phase letters and the corresponding coil numbers on the pole 
groups. This is a four-parallel winding. (See Example 5.) 


Rule 4. When there are twice as many pole groups in one set, 
X, as in the other set, Y, the two-phase winding must be arranged 
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so that the pole groups follow the regular sequence, X-X-Y, X-X-Y, 
X-X-Y, ete. 

This rule is illustrated by the following example, with its accompanying 
winding diagram. 

Examp.e 6. Lay out the coils for an 18-pole 2-phase, unsymmetrical 
lap winding in an 84-slot core. Connect all pole groups of each phase in 
series. 

Solution 

(a) Coils per phase = 84/2 = 42 

(b) Determined by trial and error, this winding must have 6 pole groups 
of 3 coils each, and 12 pole groups of 2 coils each. Total pole groups per 
phase = (6 + 12) = 18; total coils per phase = (6 X 3) + (12 X 2) = 42 

(c) Figure 120 shows the schematic diagram of the winding, with the 
phase letters and corresponding coil numbers (3 and 2) on the pole groups. 
Note the regular sequence of the numbers 2-2-3, 2-2-3, 2-2-3, etc., in 
accordance with Rule 4 
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Fic. 120. Schematic diagram of an unsymmetrical 18-pole 2-phase lap winding for an 
84-slot core, showing the phase letters and the corresponding coil numbers on the 
pole groups. All 18 pole groups of each phase are connected in series. (See Example 6.) 
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Unsystematic Arrangement of Unsymmetrical Polyphase Windings . 


The preceding two articles outline the general procedures to be followed 
in laying out unsymmetrical lap windings when definite combinations of 
slots, poles, and phases permit systematic arrangements of unequal pole 
groups. (A systematic arrangement is one in which the pole groups with 
different numbers of coils follow a regular order.) Unfortunately, only a 
limited number of slot-pole-phase combinations lend themselves to the 
application of rules 1 to 4, and it is for this reason that many unsymmetrical 
windings have wnsystematic pole-group arrangements. 

When a systematic winding arrangement is not possible, a reasonably 
good distribution of the pole groups must be made around the core if the 
machine is to perform satisfactorily. To achieve ‘‘a reasonably good dis- 
tribution,” it is generally necessary to space both sets of pole groups, 
differing by one coil, so that they follow one another with a fair degree of 
uniformity. 

The very fact that the winding arrangement is unsystematic means, 
of course, that each slots-poles-phases combination must be treated as a 
special case; in other words, no definite rules or routine procedures can be 
given to apply to windings in which the differing pole groups are made to 
follow regular patterns, as in Figs. 115 to 120. However, if the winding 
layout is carefully planned with good judgment and common sense, the 
unsystematic distribution of the pole groups will not noticeably affect the 
magnetic unbalance and the resulting operation of the machine. 

The following generalized method should be helpful in laying out an 
unsystematic, unsymmetrical polyphase winding: (1) Determine the number 
of each set of pole groups with the corresponding coils per pole group, using 
Tables 6 or 7, or by trial and error; (2) draw a circle, divide it into P parts, 
then divide each pole section into three or two parts (for three- or two- 
phase) to represent pole groups; (3) label each pole group with the proper 
phase letters; (4) arrange the lesser number of pole growps around the circle 
as uniformly as possible, making sure that each phase has the correct 
number of pole groups as determined in item 1; (5) in the remaining vacant 
spaces (7.e., between those numbered in item 4), place the pole groups of 
the other set, the larger number, making sure again that each phase is 
properly represented by the number of pole groups determined in item 1; 
(6) connect the pole groups of each phase together, and then interconnect 
the phases in the usual way. 

Several examples will now be worked out to illustrate the foregoing 
method and procedure. 


Exampte 7. Lay out the coils for a 6-pole 3-phase unsymmetrical lap 
winding in a 48-slot core. Connect the pole groups and phases in series- 
delta. 
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Solution .. 

(a) Coils per phase = 48/3 = 16 

(6) Referring to Table 6, there will be 2 pole groups of 2 coils each, and 
4 pole groups of 3 coils each. Total pole groups per phase = (2 + 4) = 6: 
totad coils per phase = (2 X 2) + (4 X 3) = 16 

(c) Figure 121a shows a circle divided into 18 parts (six poles and three 
phases), with the lesser number of pole-group sets arranged around the cir- 
cumference. Note particularly that there are not the same number of 
intervening blank spaces between those marked with the 2’s (coils per pole 
group), but that ‘“‘the distribution is reasonably good.” An interesting 
point is that diametrically opposite spaces are paired so that there will 
always be exactly the same total number of coils on both sides of any 
arbitrarily drawn: diameter; this apparent symmetry tends to maintain 
magnetic balance between the coils on both sides of any diameter 

(d) Figure 121b shows the second set of pole-group numbers, the 3’s, 
placed in the intervening spaces between the 2’s 

(e) Figure 121¢ shows the winding connected series-delta 


(a) LAYOUT OF THE TWO-COIL (6) LAYOUT OF THE TWO- AND (c) SERIES-DELTA CONNECTED WINDING 
POLE GROUP SETS THREE-COIL POLE GROUP SETS 


Fia. 121. Steps in the layout and connection of a 6-pole 3-phase unsystematic, un- 
symmetrical lap winding for a 48-slot core. (See Example 7.) 


Exame_e 8. Lay out the coils for a 14-pole 3-phase unsymmetrical lap 
winding in a 144-slot core. 


Solution 
(a) Coils per phase = 144/3 = 48 
(b) Determined by trial and error, this winding must have 6 pole groups 
of 4 coils each, and 8 pole groups of 3 coils each. Total pole groups per 
phase = (6 + 8) = 14; total coils per phase = (6 X 4) + (8 X 3) = 48 
(c) Figure 122a shows a circle divided into 42 parts (14 poles and three 
phases), with the lesser number of pole-group sets arranged around the 
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(6) LAYOUT OF THE FOUR- AND THREE-COIL POLE GROUP SETS 
Fia. 122. Steps in the layout of a 14-pole 3-phase unsystematic, unsymmetrical lap 


winding for a 144-slot core, 
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circumference. Note again that diametrical spaces are reasonably paired 
so that the total number of coils on both sides of any arbitrary diameter 
will be about the same. Also observe that this pole-group arrangement 
is unsystematic because there are not the same number of intervening 
blank spaces between those marked with the 4’s (coils per pole group) 

(d) Figure 122b shows the second set of pole-group numbers, the 3’s, 
placed in the intervening spaces between the 4’s 

This winding is not shown with the pole groups and phases intercon- 
nected. However, four connections are possible, namely, series-star, 
series-delta, two-parallel star, and two-parallel delta. The student is 
urged to make one or more of them, using Fig. 1226 as a starting point 

EXAMPLE 9. Lay out the coils for an 8-pole 3-phase unsymmetrical lap 
winding in a 63-slot core. 

Solution 

(a) Coils per phase = 63/3 = 21 

(b) Referring to Table 6, there will be 3 pole groups of 2 coils each, and 
5 pole groups of 3 coils each. Total pole groups per phase = (3 + 5) = 8; 
total coils per phase = (3 X 2) + (5 X 3) = 21 

(c) Figure 123a shows a circle divided into 24 parts (eight poles and 
three phases), with the lesser number of pole-group sets arranged around 
the circumference. Note that the nine 2’s, three for each phase, are dis- 
tributed so that there are one or two vacant spaces between the marked 
pole groups at fairly regular intervals 

(d) Figure 123b shows the second set of pole-group numbers, the 3’s, 
placed in the intervening spaces between the 2’s. 

This winding is not shown with the pole groups and phases intercon- 
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Fic. 123. Steps in the layout of an 8-pole 3-phase unsystematic, unsymmetrical lap 
winding for a 63-slot core. 
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nected. However, four connections are possible, namely, series-star, series- 
delta, two-parallel star, and two-parallel delta 


Summary 


1. When the number of slots in the core is a multiple of slots * phases, 
all pole groups have the same number of coils in series; the winding is then 
symmetrical. 

2. When (slots/poles X phases) is not an integer, all pole groups do not 
have the same number of coils in series; the winding is then unsymmetrical. 

3. All windings, whether symmetrical or unsymmetrical, must have the 
same number of coils per phase. 

4. In unsymmetrical windings each phase has two sets of mole groups 
differing by one coil. 

5. The number of slots in a three-phase core is always a multiple of 
three; in a two-phase core it is a multiple of two. 

6. In unsymmetrical windings, the unequal pole groups must be dis- 
tributed fairly evenly if machine operation is to be satisfactory. 

7. Unsymmetrical windings may have unequal pole groups distributed 
around the core systematically and unsystematically. 

8. A systematic arrangement is possible in three-phase windings 
(a) when there is exactly the same number of pole groups in each of the 
two sets; (b) when there are three times as many pole Bru in one set X 
as in the other set Y. 

9. A systematic arrangement is possible in two-phase windings (af) when 
there is exactly the same number of pole groups in each of the two sets; 
(b) when there are twice as many pole groups in one set X as in the other 
set Y. 

10. When there are exactly the same number of ae groups in each of 
the two sets of a three-phase unsymmetrical winding, successive pole 
groups must have different numbers of coils. 

11. When there are three times as many pole groups in one set X as in 
the other set Y, a. three-phase unsymmetrical winding must be arranged so 
that the pole groups follow the regular sequence X-X-X-Y, X-X-X-Y , ete. 

12. When there is exactly the same number of pole groups in each of the 
two sets of a two-phase unsymmetrical winding, pairs of the two different 
numbers of coils per pole group must follow in succession around the core. 

13. When there are twice as many pole groups in one set X as in the 
other set Y, a two-phase unsymmetrical winding must be arranged so that 
the pole groups follow the regular sequence X-X-Y, X—X-Y, ete. 

14. When an unsymmetrical winding (all pole groups not: the same) is 
unsystematic (no regular sequence of pole groups), a reasonably good 
distribution of pole groups must be made around the core if a machine i is 
to operate satisfactorily. 


CHAPTE R 14 
Windings for Multispeed Motors 


j 

Polyphase induction motors generally operate with very little change 
in speed between no-load and full-load; it is for this reason that they are 
often referred to as constant-speed machines. In some applications re- 
quiring speed control down to about 50 per cent of the full-speed opera- 
tion, wound-rotor motors are frequently employed; speed control is then 
effected through the use of a set of variable resistors in the wound-rotor 
circuit. Since the efficiency of wound-rotor motors diminishes rapidly as 
the speed is lowered, it is more economical and satisfactory to use multi- 
speed polyphase squirrel-cage motors when the applications require several 
(two or more) fixed speeds. According to the American Standards Asso- 
ciation, ‘‘A multispeed motor is one which can be operated at any one of 
two or more definite speeds, each being practically independent of the 
load.’ This chapter will consider the various types of winding that are 
employed in multispeed motors. 


Twe-winding Stators for Two-speed Operation 

The usual single-speed polyphase squirrel-cage induction motor has a 
single winding that occupies all the slot space in the stator; the supply 
frequency, as well as the number of poles that are produced by the winding, 
determines the speed [see Eq. (3), Chap. 2]. If it is desired that a motor 
operate at two definite operating speeds from the same supply frequency, 
it is possible to use two independent windings that are connected to produce 
different numbers of magnetic poles. Such a motor must obviously be 
physically larger, for a given horsepower rating, than one designed for 
single-speed operation, because the stator slot area must accommodate 
two windings, only one of which is used at a time. Each of the windings 
can be wound and connected for any desired number of poles, so that the 
high speed and low speed are suited to the requirements of the application. 
Some of the more popular two-winding, two-speed (synchronous), 60-cycle 
combinations are the following: 1,800—1,200 rpm; 1,200—900 rpm; 1,200-720 
rpm; 900-720 rpm; 900-600 rpm. These, as well as others, generally have 
a high-speed to low-speed ratio that is not 2:1, for the reason that it is 
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usually more economical to employ the single-winding, iaoepees construc- 
tion when the high speed is exactly twice the low speed. 

Motors have been built with three independent windings, each one 
developing a different speed, but such machines are expensive and inefh- 
cient. Since the three windings must be thoroughly insulated from each 
other, an unusually small part. of the slot area is useful for current-carrying 
copper. Moreover, since two windings are always idle while the motor is 
operating from the third at a given speed, it should be clear that an ex- 
tremely limited portion of the stator core is made available to power the 
load. It is for this reason that motor manufacturers do not recommend 
three-winding, three-speed motors. 

Two constructional procedures are employed in two-winding two-speed 
. stators. In one of these the high-speed winding is first installed in the 
bottoms of the slots, after which the low-speed winding is placed on top 
of the former; the two windings are, of course, thoroughly insulated from 
each other. The individual windings are no different from those found in 
the single-winding motors previously discussed, although a special contro! 
unit must be provided so that either winding may be connected to the 
source. A possible alternate method is to have the same coil pitch for both 
windings, when the number of poles in the two speed combinations do not | 
differ widely. Then, by a proper choice of the number of stator slots and 
the coil pitch, the winding design will require that each slot contain one 
coil-side from one winding and one coil-side from the other. This construc- 
tion is discussed,in the next article. 

When two-winding two-speed motors are in operation, it is extremely 
important that the inactive winding be open-circuited. This will obviously 
be the situation if it is star-connected. However, when a delta connection 
is employed, it is essential that the two ends corresponding to one corner 
of the delta be left open while that winding is idle; failure to do so could 
result in an objectionable circulating current in the délta because of trans- 
former action between the idle winding and the one that is energized. 


The Single-coil Pitch, Two-winding Stator 


When the two speeds that must be developed by a two-winding machine 
do not differ greatly from each other, the coil pitch of both windings may 
be made the same. Under this condition the two windings will have 
different fractional pitches, or one winding will be full pitch while the 
other is fractional pitch. Moreover, the number of turns per coil will, 
in general, not be the same for both windings, nor will they have the same 
cross-sectional area. The differing conditions can, however, be com- 
promised by designing the windings so that each slot contains one coil-side 


belonging to one winding and another coil-side belonging to the second 
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winding. To accomplish this (1) the coil pitch must be from slot 1 to 
another slot having an even number and (2) the coils of the two windings 
must be placed in the slots in alternate succession. 

The foregoing can best be illustrated and clarified by a practical example. 
Assume a 72-slot stator in which are to be placed two three-phase windings, 
one connected for four poles and the other for six poles. The 60-cycle 
synchronous speeds will, therefore, be 1,800 rpm and 1,200 rpm, not too 
widely different. The number of slots per pole in the four-pole winding 
will be 72/4 = 18, and 72/6 = 12 for the six-pole winding. Since the 


. oo 22-22 ------- CoH pitch = Slot 1 70 slot Idi ==-=-=--=---=-= 


Fie. 124. Arrangement of coil-sides in the slots of a 72-slot core for a two-winding two- 
speed motor. Note that the coil pitch is the same for both windings, #.e., slot 1 to slot 14. 
See Fig. 125 for winding connections. 


same coil pitch is to be used for both windings, it must be from slot 1 to 
another having an even number, as indicated above. Selecting a coil pitch 
from slot 1 to slot 14, which would be suitable for this stator and the pole 
combinations, the four-pole winding would have fractional-pitch coils of 
13/18 X 180 = 130 electrical degrees, and the six-pole winding would 
have fractional-pitch coils of 11/12 X 180 = 165 electrical degrees. (A 
coil pitch that is one slot*longer than 180 degrees is equivalent to a coil 
pitch that is one slot shorter than 180 degrees.) 

Assuming that the cross-sectional areas of the individual coils of the two 
windings are not equal, Fig. 124 illustrates the coil-side arrangement of 
several successive slots. Note that all slots have the same total area of 
copper but that top and bottom coil-sides, representing the two windings, 
interchange positions from one slot to the next. 

Figure 125 shows one-half of one phase of each of the two, four-pole 
and six-pole, completely distributed windings, with the respective coils 
properly connected and interconnected in series. Note particularly that 


+ 
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(1) alternate coils are part of the same winding; (2) although the two 
windings are arranged in two layers, each one is equivalent to a single- 
layer winding; (3) each winding has a total of 36 coils (a 72-slot core with 
a conventional double-layer, single winding would have 72 coils); (4) the 
four-pole winding has three coils per pole group, and the six-pole winding 
has two coils per pole group. 


4-pole winding ( ) 2 coils per pole group 


-3 colls per pole group 


i f 6-pole winding (———) i __¢3e0 


To remainder of 
6-pole winding 
7o remainder of 
4+-pole winding 


Sts } 
Fig. 125. Winding diagram showing one-half of one phase of each of the four-pole and 
six-pole windings in which the same coif span is used for both windings. 


Single-winding Two-speed Motors 

A polyphase winding may be connected so that the rotor will operate 
at either of two speeds, the higher speed being twice the lower speed. If 
the pole groups of each. phase are connected so that successive magnetic 
polarities are opposite—north and south—at any instant, the higher speed 
will be developed; the winding is then said to be connected in the con- 
ventional manner. However, if the pole groups of each phase are connected * 
together so that they create semilar magnetic polarities—all north or all 
south—at any instant, the lower speed will be developed; the winding is 
then said to be connected in the consequent-pole manner. The principle 
of consequent-pole windings was discussed in Chap. 6 in the study of two- 
speed windings for single-phase motors and applies equally well to the oper- 
ation of polyphase machines. In the actual three-phase motor unique 
methods of winding connections and switching are employed so that the 
pole groups of the various phases may be arranged for either a conventional 
or a consequent-pole winding. Thus, the higher speed will result when 
the connection is conventional, while the rotor will operate at the half- 
speed when the switching converts the winding to consequent-pole. 
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Since two-winding stators are practically always eniployed for two-phase 
two-speed operation, the discussions that follow, in which a single winding 
provides either of two speeds, apply only to three-phase machines. 

Single-winding two-speed motors have been used for over fifty years 
and were first manufactured in Switzerland by the Oerlikon Company as 
far back as 1893. Their design and construction have undergone consider- 
able change and improvement since that time, so that modern machines 
are not only more efficient but also considerably smaller than were the 
early motors. Moreover, two- and three-winding motors are presently 
being built to provide as many as four or six independent speeds, two for 
each winding. An example of a 60-cycle six-speed motor is a stator with 
three windings, to develop speeds of 450, 600, 900, 1,200, 1,800, and 3,600 
rpm; one winding provides the 450—900-rpm combination, a second wind- 
ing develops the 600-1,200-rpm combination, and a third winding gives 
the 1,800-3,600-rpm combination. 


The Series-parallel Principle of a Two-speed Winding 

To understand how one polyphase winding may be connected to create 
either of two sets of magnetic polarities, one twice the other, it is first 
necessary to recognize the following facts: (1) When successive pole groups 
of each phase produce opposite magnetic polarities at the same instant, 
the number of poles equals the number of pole groups; (2) when all the 
pole groups of each phase produce the same magnetic polarities at the 
same instant, the number of poles is twice the number of pole groups; 
(3) when all three sets of magnetic poles of a three-phase winding act 
simultaneously on a common magnetic core, a composite set of poles is 
created, its number being exactly equal to the number of poles developed 
by one phase; (4) the maximum magnetic strength of each composite pole 
of a three-phase winding is equal to 11% times as much as the maximum 
pole strength of each pole of any one phase. Now then, since the speed 
of rotation of the created revolving magnetic field, and therefore the re- 
volving rotor, is inversely proportional to the number of poles, it follows 
that a motor with a conventionally connected winding (developing P poles) 
will operate at a speed that is twice as great as the same machine with its 
winding connected consequent-pole (developing 2P poles). 

To change a given winding from conventional to consequent-pole, and 
therefore from P poles to 2P poles, the unique serzes-parallel principle is 
employed. This basic principle has two variations, namely: (1) P poles 
are produced when all the pole groups of each phase are connected in series, 
while 2P poles are created when the same pole groups are joined in two 
parallel paths; (2) 2P poles are produced when all the pole groups of each 
phase are connected in series, while P poles are created when the same pole 
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groups are joined in two parallel paths. Figure 126 illustrates how this is 
accomplished for one of the phases of a four-pole three-phase winding. 
In both sketches the four pole groups are connected in series between 
terminals A and A’, with diametrically opposite pole groups 1 and 3 joined 
in succession first, to be followed by pole groups 4 and 2; a tap X is taken 
from the junction between pole groups 3 and 4. However, a careful com- 
parison of the diagrams discloses an extremely important difference be- 
_ tween them, in so far as magnetic polarities are concerned. Assuming 


(a) (6) 
SERIES — GONVENTIONAL (>) SERIES — CONSEQUENT- POLE (-->) 
2- PARALLEL— CONSEQUENT-POLE (-->) 2-PARALLEL— CONVENTIONAL (—>) 


Fic. 126. Sketches illustrating the series-parallel oe a the _ two-speed single- 
winding stator. 


that current enters terminal A, passes through all pole groups in series; 
and leaves at terminal A’, Fig. 126a shows that four conventional poles 

Ni, Nz, Sa, Se are produced, whereas Fig. 126b shows that the direction of 

the current through all the coils is the same, with pole-group polarities 

Ni, Ns, Na, Ne. This means that, for the series connection, Fig. 126a will - 
be a conventional winding with four poles, while Fig. 1266 will be a conse- 

quent-pole winding with eight poles; moreover, the speed of the rotor with 

the conventional winding will be twice that produced by the consequent- 

pole winding. 

Assume next that terminals A and A’ are joined together in both dia- 
grams and that current enters terminal X ; the windings are then connected 
in two parallel paths. Referring now to Fig. 126a, it is seen that the wind- 
ing is changed to consequent-pole, with pole-group polarities S3, Si, S4, So. 
Fig. 126b, on the other hand, is changed to a conventional winding with 
pole-group polarities S3, S:, Ns, Ne. 
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It should be understood, of course, that what has been said of one phase 
applies equally well to the other two phases. Moreover, interconnection 
of the three phases to properly form a star or delta is also necessary, and 
‘this is discussed in succeeding articles. 

To summarize the foregoing: (1) A winding may be changed from con- 
ventional to consequent-pole if the series-connected pole groups are re- 
connected in two-parallel paths; (2) a winding may be changed from 
consequent-pole to conventional if the series-connected groups are re- 
connected in two-parallel paths; (3) the series-parallel principle of the 
two-speed winding requires that the series connection be made with all 
alternate pole groups joined in series first, after which the remaining 
alternate pole groups are made to follow. 


Torque Horsepower and Speed Requirements of Motor Applications 

Polyphase induction motors must meet very rigid and exact standards 
of performance in modern industrial plants. This generally implies that 
each electrical machine must have torque, horsepower, and speed charac- 
teristics that match definite requirements of the mechanical application. 
Often the matter of speed control is of particular importance in production 
schedules which require the operator to adjust the speed to work demands 
or other conditions. And although the adjustable-speed d-c¢ motor has many 
admirable qualities in such installations, it has been replaced largely, in 
recent years, by the more reliable, rugged, trouble-free a-c multispeed 
squirrel-cage motor. 

For the purposes of standardization, motor manufacturers have divided 
multispeed motors into three general classes. They are (1) constant-torque 
variable-horsepower motors which develop approximately the same turning 
effort, or torque, regardless of the definite speed; (2) constant-horsepower 
variable-torque motors whose turning effort, or torque, is inversely propor- 
tional to the definite speed; (3) varzable-torque variable-horsepower motors 
whose turning effort, or torque, varies directly with the definite speed. 
Each type of multispeed motor must obviously receive special design 
treatment, but it is of particular interest to know that, in so far as the 
three-phase stator windings are concerned, the following connections are 
generally employed: 

(1) Constant-torque—Series-delta for low speed; two-parallel star for 

high speed 

(2) Constant-horsepower—Two-parallel star for low speed; series-delta 

for high speed 

(3) Variable-torque—Series-star for low speed; two-parallel star for 

high speed 

To emphasize further the importance of the foregoing three general 
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torque-horsepower-speed classifications, several applications are listed. 
Constant-torque motors are used for compressors, conveyors, stokers, 
textile machinery; printing presses, laundry machinery, foundry equip- 
ment, bakery machinery, and most machine tools. An excellent example 
of the constant-horsepower motor is a lathe, which must develop con- 
siderable torque at low speed to take a heavy roughing cut and much 
less torque at high speed for the finishing cut; the torque must, therefore, 
be inversely proportional to the speed, and the drive requires a constant- 
horsepower motor. Other examples are boring mills and special machine 
tools. For such applications as fans, blowers, and centrifugal pumps, it 
is customary to use motors whose torque varies directly with the speed, 
1.e., variable-torque motors. In such drives, the required horsepower 
increases approximately as the cube of the speed. 


The Constant-torque Motor—Series-delta, Two-parallel Star 


The constant-torque two-speed motor is designed so that it develops the 
same torque at the low speed, when its winding is connected consequent- 
pole,’ as it does at the high speed, when its winding is connected in the 
conventional manner. To accomplish this, the three phases are joined to- 
gether to form a serzes-delta for the low speed and a two-parallel star for 
the high speed. Although the theory of the arrangement is beyond the 
scope of this book it can be stated that such a condition is brought about 
(1) by causing the flux per phase in the series-delta connection to be 
73 per cent greater than in the two-parallel star connection and (2) by 
making the rotor current in the two-parallel star connection 73 per cent 
greater than in the series-delta connection. Since torque is a function of 
both flux and rotor current, it is seen that the torque is the same at both 
speeds. Moreover, since the horsepower output of a motor depends upon 
torque and speed, it is seen that the constant-torque motor develops twice 
as much horsepower at the high speed as it does at the low speed. 

Figure 127 is a schematic wiring diagram of a two-speed constant-torque 
winding in which the low-speed connection is series-delta (consequent-pole) 
and the high-speed connection is two-parallel star (conventional). The 
principle previously discussed should be helpful in tracing the diagram, 
which is for a 48-slot stator wound for eight-pole, four-pole operation. 
On 60 cycles this would give a 900-1,800-rpm combination of speeds. In 
practice, a six-bladed double-throw switch would have to bé provided, 
with three terminals on one side and six terminals on the other; with the 
switch thrown to the three-terminal side, the motor would run at the low 
speed, while high speed would be attained with the switch closed on the 
six-terminal side. Figure 128 illustrates the switch connections for the 
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2Poralle! star 
(converttional) 


Fic. 127. Wiring diagram of a two-speed constant-torque winding for a 48-slot three- 
phase motor. ‘Trace full arrows under the pole groups for the high-speed connection 
and the dashed arrows for the low-speed connection. This is a 900-1,800-rpm winding 


on 60 cycles. 


(, To motor 
Terminals. 
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Fig. 128. Switch connections for the two-speed motor whose winding diagram is shown 
schematically in Fig. 127. i 
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The Constant-horsepower Motor—Two-parallel Star, Series-delta 


The constant-horsepower two-speed motor is designed so that it develops 
twice as much torque at the low speed, when its winding is connected con- 
sequent pole, as it does at the high speed, when its winding is connected 
in the conventional manner. To accomplish this, the three phases are 
joined together to form a two-parallel star for the low speed and a serzes- 


(consequent-pole) 


deries-delta 
(conventional) 


Fig. 129. Wiring diagram of a two-speed constant horsepower winding for a 54-slot 
three-phase motor. Trace full arrows under the pole groups for the high-speed connec-: 
tion and the dashed arrows for the low-speed connection. *This is a 600-1,200-rpm 
winding on 60 cycles. 

delta for the high speed. Such a condition is brought about (1) by causing 
the flux per phase in the two-parallel star connection to be 131 per cent 
greater than in the series-delta connection and (2) by making the rotor 
current in the series-delta connection 15! per cent greater than in the two- 
parallel star connection. Again, since torque is a function of both flux and 
rotor current, the low-speed torque, T'zs, will be twice the high-speed 
torque, Ts. Thus, 


Ts = (2.31) (1/1.155) Tis =2T ys or Tys = (1/2.31) (1.115) T 15 =0.5T 1s 
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Remembering that horsepower depends upon both the torque and 
speed, it follows that the low-speed and high-speed horsepowers will be 
equal. 

Figure 129 is a schematic wiring diagram of a two-speed constant-horse- 
power winding, in which the low-speed connection is two-parallel star 
(consequent-pole) and the high-speed connection is series-delta (conven- 
tional). The stator represented by the diagram has 54 slots and is wound 
for six-pole twelve-pole operation; on 60 cycles this would give a 600-—1,200- 
rpm combination of speeds. 


The Variable-torque, Variable-horsepower Motor—Series-star, 
Two-parallel Star 

The variable-torque, variable-horsepower two-speed motor is designed 
so that it develops twice as much torque and four times as much horsepower 
at the high speed, when its winding is connected conventional, as it does 
at low speed, when its winding is connected consequent-pole. To accom- 
plish this, the three phases are joined together to form a series-star for the 
low speed and a two-parallel star for the high speed. Such a condition is 
brought about (1) by causing the flux per phase to remain the same in both 
connections but (2) by making the rotor current in the two-parallel star 
twice as much as it is in the series-star connection. As a result, the high- 
speed torque will be double the low-speed torque; moreover, the high-speed 
horsepower will be four times the low-speed horsepower. 

Figure 130 is a schematic wiring diagram of a two-speed variable-torque, 
variable-horsepower motor, in which the low-speed connection is series- 
star (consequent-pole) and the high-speed connection is two-parallel star. 
The stator represented by the diagram has 60 slots and is wound for four- 
pole, eight-pole operation; on 60 cycles this would result in a 900-1,800-rpm 
combination of speeds. 

Induction Motor Windings for More Than Two Definite Speeds 

Some polyphase motor applications require more than two definite 
speeds; in such cases two or three stator windings are employed, each of 
which is designed to provide one or two of the desired speeds. Thus, in a 
three-speed motor it is customary to have two separate windings, with 
one of them arranged for conventional and consequent-pole speed opera- 
tion and the other wound to give the third speed. Popular speed combina- 
tions of these two-winding three-speed motors are 1,200—1,800-3,600 rpm, 
900-1,200-1,800 rpm, 600-—900-1,800 rpm, 600-720-1,200 rpm, 450—600— 
900 rpm, 450-720-900 rpm, 600-900-1,200 rpm, and others. In each of 
the listed groupings, the two speeds that bear a ratio of 2 to 1 are served 
by the conventional and consequent-pole winding, while a single-speed 
winding produces the third speed. 
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Four-speed motors generally have two conventional and consequent- 
pole windings, each one designed for one pair of speeds having a ratio of 
2 to 1. Standard speed combinations are 600—900-1,200-1,800 rpm, 
360-600-720-1,200 rpm, 450-600—900-1,200 rpm, and others. 


4 


Join 


None 
A,BC I 


Fria. 130. Wiring diagram of a two-speed variable-torque, variable-horsepower winding 
for a 60-slot three-phase motor. Trace the full arrows under the pole groups for the 
high-speed connection and the dashed arrows for the low-speed connection. This is a 
900-1,800-rpm winding on 60 cycles. 


Motors that must develop five or six definite speeds have three inde- 
pendent stator windings. Such machines are expensive to build and quite 
inefficient in operation. Moreover, they are physically much larger than 
single-winding motors that have ake same maximum horsepower ratings; 
in addition, they require elaborate, complicated control equipment. They 
are made in limited numbers and are used only where the cost, efficiency, 
size, and complex controls are incidental to the requirement of many definite 
speeds. _, 
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When two or more windings are employed in a stator for multispeed 
motors, the control equipment must be designed so that the winding that 
is not in use is completely open-circuited while the other is energized. 
This is an extremely important requirement. Remembering that. wind- 
ings in the same stator core are inductively coupled, transformer action 
exists between them. This implies that the winding that is energized 
and in service acts like the primary of a transformer, with the idle 
winding as the secondary. Therefore, if the secondary has a closed path, 
so that induced voltages can produce a current flow, unnecessary heating 
and retarding torque will be developed. Obviously, series-star-connected 
windings are open-circuited so that no special precautions are necessary 
in such cases. However, the two connections used in multispeed windings 
that are susceptible to transformer currents are the series-delta and the 
two-parallel star. In both of these, provision is generally made in the 
switching equipment to open-circuit the windings properly while they are 
not in use; in the delta connection, one of the junctions is opened, 7.e., a 
corner of the delta is disconnected; in the two-parallel star, the star point 
and one junction are disconnected. 

The foregoing discussion will now be illustrated by several typical simpli- 
fied, two-winding multispeed wirmg diagrams and their accompanying 
tables of connections. A properly designed speed-control unit would, of 
course, be a necessary part of each motor installation and would make the 
connections indicated by each of the tables. Note particularly that one 
of the two windings is always ‘out of service”? when the other is energized _ 
and that the idle winding is open-circuited, so that it does not present a~ 
closed path for currents due to transformer action. 

Figure 131 is a simplified sketch for a two-winding three-speed motor 
having constant-torque, variable-horsepower characteristics. Note that 
one independent winding serves for the low speed, while the conventional 
and consequent-pole winding provides the medium and high speeds. 
Obviously, the actual speeds of the motor will be determined by the supply 
“frequency and the numbers of poles created by the windings. 

Figure 132 represents a simplified sketch for a two-winding four-speed 
motor having constant-torque variable-horsepower characteristics. In 
this arrangement each winding provides two speeds; winding | gives the 
low and third speeds, while winding 2 produces the second and high speeds. 

The simplified sketch of Fig. 133 is for a two-winding three-speed motor 
that develops constant-horsepower variable-torque characteristics. It is 
interesting to note that winding 1 is open at CiCy’ when not in use. Points 
C,Cy’ are joined together only when winding 1 is in service, representing 
one corner of the delta on the high speed and part of the neutral on the 
low speed. 
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A two-winding four-speed wiring sketch is shown in Fig. 134. A motor 
operating with the connections indicated would have constant-horsepower 


WINDING NO.1 WINDING NO.2 ~ 
Az 


A, 


G Bi © 


Line terminals! — Jojin 


together 


Fie. 131. Simplified sketch for a two-winding three-speed motor having constant- 
torque, variable-horsepower characteristics. 
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Fira. 132. Simplified sketch for a two-winding four-speed motor having constant-torque, 
variable-horsepower characteristics. 


variable-torque characteristics. Both windings are essentially similar. 
Observe that one corner of the delta is open-circuited when that winding 
is idle; it is closed only when the winding is energized either to form a series- 
delta or a two-parallel star. 
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Figure 135 represents the wiring connections for a two-winding three-. 
speed motor that has variable-torque variable-horsepower characteristics. 


WINDING NO.1 WINDING NO.2 
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Fig. 133. Simplified sketch for a two-winding three-speed motor having constant- 
- horsepower, variable-torque characteristics. 
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WINDING NO.1 WINDING NO.2 


Series delta None 
Fic. 134. Simplified sketch for a two-winding four-speed motor having constant- 
horsepower, variable-torque characteristics. 
A : 


Of special importance is the fact that points Ai, Bi, Ci in winding 1 are 
open-circuited when winding 2 is in service for medium speed.. Winding 1 
is used for the low or high speeds, under which conditions points A1, Bi, Ci 
are connected to the line terminals (low speed) or are joined together to 
form a second star point (high speed). 
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The final sketch in this set, Fig. 136, shows the connections for a two- 
winding four-speed motor that develops variable-torque variable-horse- 
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Fic. 135. Simplified sketch for a two-winding three-speed motor having variable- 
torque, variable-horsepower characteristics. 
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Fria. 136. Simplified sketch for a two-winding four-speed motor having variable-torque, 
variable-horsepower characteristics. 


power characteristics. Note that both windings are similar, giving a pro- 
gression of speeds from low to high as the controller switches from winding 
1 to 2 to 1 to 2. 
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Multispeed Motors Having Wound Rotors 


_Squirrel-cage rotors are generally used in multispeed motors. In modern 
machines these are most frequently constructed by the highly developed 
cast-aluminum process in which molten aluminum is forced under pressure 
into molds containing stacks of slotted steel laminations. A set of alumi- 
num bars and two short-circuiting end rings constitute the winding in each 
such rotor. Often, projecting fins are cast onto the end rings to provide 
a fanning action, for cooling purposes, while the rotor is revolving. Figure 


ES 


Fic. 137. Cast-uluminum type of squirrel-cage rotor. (Reliance Electric and Engineering 
Co.) , 
137 (left) depicts a common construction of cast-aluminum rotor before 
the shaft is pressed into the center hole, with the photograph on the right 
illustrating the aluminum-bar and end-ring winding only. (The latter 
was made by placing a completed rotor in an acid bath and dissolving out 
the iron.) 

The number of poles that are formed on a squirrel-cage rotor is always 
the same as that created by its stator; for this reason, therefore, it may 
be used in any induction motor regardless of whether the stator winding 
is designed for single-speed or multispeed service. However, since the 
resistance of a squirrel cage is fixed, and nothing can be done to alter its 
value, speed control and starting-torque variations are not practicable. 
This is obviously a disadvantage of the squirrel-cage type of multispeed 
motor where it may be desirable, for example, to modify the speed in steps 
between definite upper and lower values. Moreover, starting torque being 
mainly determined by the rotor resistance, it should be clear that torque 
requirements cannot always be met at every starting position. 
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To overcome the disadvantages of the squirrel-cage rotor for the pur- 
poses of speed control and starting-torque adjustments in multispeed 
motors, the wound rotor may be employed. The latter can be used only 
in two-speed moters whose single-winding stators are designed for con- 
ventional and consequent-pole operation. The rotor winding must have 
coils whose pitch is very nearly the same as that on the stator, because 


Resistance 
controller 


(at) FOUR POLES(CONVENTIONA| ) (6) EIGHT POLES (CONSEQUENT- POLE) 


Fie. 1388. Wiring diagrams showing how the polarities of a rotor winding adjust them- 
_ selves to the stator connections in a single-winding two-speed motor. 


rotor poles are now formed in accordance with standard winding connec- 
tions. It should be clear in this respect that a wound-rotor motor will 
produce no torque and will not run if the number of formed rotor poles 
differs from that produced on the stator. 

Recognizing the fact that the rotor is inductively coupled to the stator 
(stator and rotor are strictly the primary and secondary of a transformer), 
both will develop the same number of magnetic poles if their coil pitches 
are approximately equal. Thus, when the stator is producing four con- 
ventional poles, the rotor will do likewise; also, if the stator creates eight 
poles when connected consequent-pole, the rotor will respond with eight 
poles. Figure 138 illustrates one method of connecting a four-pole eight- 
pole rotor winding to six slip rings and a resistance controller. In wiring 
diagram Fig. 138a, the three phases A, B, C are shown connected to form 
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a six-pointed star, with the phase ends joined to the revolving slip rings; 
brushes riding on the rings connect to the resistors in a six-unit controller, 
Note that each phase produces four poles, two north on one side of the star 
point and two south on the other side. In this diagram the stator is pre- 
sumably arranged for the four-pole conventional connection. In Fig. 1386 
the stator is assumed to be converted to consequent-pole for eight. poles; 


Basis Harice contro/ler 
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Slip rings 
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brushes 


(a) FOUR POLES (CONVENTIONAL) (6) EIGHT POLES (CONSEQUENT-POLE ) 


Fie. 139. Wiring diagrams showing how the polarities of a rotor winding adjust them- 
selves to the stator connections in a single-winding two-speed motor. 


the rotor, therefore, creates eight poles. Observe that the south poles 
of Fig. 138a are turned through 180 electrical degrees in Fig. 1380, so that 
each phase now produces four north and four south poles, 7.e., eight poles. 
In both sketches the resistance controller may be rotated to include the 
proper value of rotor resistance, for the purpose of adjusting the speed or 
starting torque. For example, the speed may be varied between the high 
and low definite speeds or to a value below the low speed. 

An alternative method that requires only three rotor slip rings may be 
used if it is possible to increase the cross-sectional area of the copper in 
the rotor winding. A diagram of connections is given in Fig. 139. The 
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underlying principle of this scheme is the interconnection of one-half of 
one phase with one-half of another, in much the same way as transformer 
windings are sometimes connected zigzag. Note that in Fig. 139a half of 
phase A is joined to half of phase B, half of phase B is joined to half of 
phase C, and half of phase C is joined to half of phase A; here four poles 
are created because the four-pole stator winding is connected conventional. 
When the stator winding is switched to eight-pole consequent-pole, the 
outer halves of Fig. 139a are rotated 180 electrical degrees so that their 
polarities reverse. Thus in Fig. 139b the rotor winding changes to eight- 
pole consequent-pole, in accordance with the requirements of the stator. 
Summary 

1. Polyphase induction motors operate essentially at constant speed. 

2. Wound-rotor motors are frequently used if it is necessary to control 
the speed down to about 50 per cent of the full-speed operation. 

3. Wound-rotor motors are inefficient when operated with inserted 
resistance in the rotor circuit for speed reduction. 

4. Multispeed motors that permit operation at definite speeds are 
more satisfactory and economical than wound-rotor motors. 

5. Squirrel-cage induction motors are sometimes designed with two 
stator windings, connected to provide two operating speeds. 

6. Two-winding two-speed motors are physically larger, for a given 
horsepower rating, than those designed for single-speed operation. 

7. Three-winding three-speed motors are expensive and inefficient; 
they are seldom used. In such machines one winding is energized at a 
time, the other two being idle. 

8. There are two constructional arrangements of windings in two- 
winding two-speed motors. In the first of these, one complete winding is 
placed on top of the other; the coil pitches in the two windings are different, 
and they are completely independent of each other. In the second, the 
two windings are interleaved and have the same coil pitch; they are, how- 
ever, connected for different numbers of poles. 

9. In two-winding two-speed motors, the idle winding must be com- 
pletely open-circuited when the other is energized. 

10. In two-winding two-speed motors where the coil pitch is the same 
for both windings, the coil pitch must be from slot 1 to another slot having 
an even number. 

11. As arule, the number of turns per coil and the wire sizes are different 
in the two windings of a two-winding stator. 

12. Single-winding two-speed motors operate so that the high speed is 
twice the low speed. 

13. Single-winding two-speed motors operate so that at one speed the 
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pole groups are connected in a conventional manner, while at the other 
speed the pole groups are connected consequent-pole. 

14. The conventionally connected motor operates at a speed that. is 
twice as much as the same winding connected consequent-pole. 

15. When successive pole groups of each phase produce opposite mag- 
netic polarities at the same instant, the number of poles equals the number 
of pole groups. 

16. When all the pole groups of each phase produce the same magnetic 
polarities at the same instant, the number of poles is twice the number 
of pole groups. 

17. When all three sets of magnetic poles of a three-phase winding act 
simultaneously on a common magnetic core, a composite set of poles is 
created, the number being exactly equal to the number of poles developed 
by one phase. 

18. The maximum magnetic strength of each composite pole of a three- 
phase winding is equal to 11 times as much as the maximum pole strength 
of each pole of any one phase. 
~ 19. The series-parallel principle is employed in changing a winding from 
conventional to consequent-pole, and vice versa. 

20. There are two variations of the series-parallel principle: (1) P poles 
are produced when all the pole groups of each phase are connected in series, 
while 2P poles are created when the same pole groups are joined in two 
parallel paths; (2) 2P poles are produced when all the pole groups of each 
phase are connected in series, while P poles are created when the same 
pole groups are joined in two parallel paths. 

21. Constant-torque variable-horsepower motors develop approximately 
the same turning effort, or torque, regardless of the definite speed. 

22. Constant-horsepower variable-torque motors develop turning efforts, 
or torques, that are inversely proportional to the definite speeds. 

23. Variable-torque variable-horsepower motors develop turning efforts, 
or torques, that vary directly with the definite speeds. 

24. The torque and horsepower relations of a multispeed motor are 
determined by the manner in which the phases of a winding are inter- 
connected for the definite speeds. The two usual three-phase connections 
are series-delta and two-parallel star. 

25. The single-winding constant-torque motor is connected series-delta 
for the low speed, and two-parallel star for the high speed. 

26. The single-winding constant-horsepower motor is connected two- 
parallel star for the low speed, and series-delta for the high speed. 

27. The single-winding variable-torque variable-horsepower motor is 
connected series-star for the low speed, and two-parallel star for the high 
speed. 
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28. Motors requiring more than two definite speeds must have two or 
more windings. Each winding may provide one or two of the definite 
speeds. 

29. Motors having more than two windings are seldom used because 
they are expensive and inefficient. Moreover, the control equipment is 
rather complicated. 

30. When two windings are used in a multispeed motor, the control 
equipment must be designed so that the idle winding is completely open- 
circuited while the other is energized. 

31. Squirrel-cage rotors are generally used in multispeed motors. 

32. The number of poles that are formed on a squirrel-cage rotor is 
always the same as that created by its stator. Any squirrel cage will, 
therefore, operate in a multispeed motor. 

33. The speed of a multispeed motor having a squirrel cage cannot be 
controlled between definite speeds or below the lowest speed. 

34. For speed control and starting-torque adjustment purposes, wound- 
rotor motors may be used. 

35. When a wound rotor is used in a multispeed motor, the rotor coil 
pitch must be approximately the same as the stator coil pitch. 

36. If the connections of the rotor winding are such that it does not 
produce the same number of poles as the stator, no torque will be developed 
and the motor will not run- 

37. Wound rotors for multispeed motors may be designed with six slip 
rings or with three slip rings. In both arrangements the induced voltages 
in the rotor windings create currents to make the rotor have as many poles 
as the stator. If the stator produces the conventional number of poles, 
the rotor does likewise; also if the stator is connected for consequent-pole 
operation, the rotor responds with the consequent-pole arrangement. 


CHAPTER 15 


Equalizer Connections in Polyphase Windings 


Well-designed, carefully constructed motors operate quietly. A noisy 
motor, on the other hand, is generally a reliable warning of future trouble. 
Moreover, a machine that runs smoothly and quietly when first installed 
may become extremely noisy after a period of severe service. If the proper 
corrective measures are to be applied to a motor that is not reasonably 
quiet, it is first necessary to understand the causes of such faulty operation. 
This chapter will be concerned primarily with the use of equalizer connec- 
tions in polyphase induction motors, to remedy noisy performance caused 
by a lack of mechanical symmetry or by unbalanced windings or magnetic 
circuits. 


Induction Motor Noise and Its Causes 

A motor is a revolving mechanical machine that embodies electrical 
and magnetic circuits. When properly designed and constructed, it will 
generally operate smoothly and quietly; this will be especially so if the 
rotor is carefully balanced and the electrical and magnetic circuits are 
symmetrical. 

When a motor is noisy, however, the trouble may be either mechanical 
or magnetic, although both causes are often interrelated. Moreover, some 
noises are always present and cannot be reduced, while others can be 
corrected by proper adjustments or may even be made self-corrective. 
Of the purely mechanical noises, the following may be listed: windage, 
loose bearings, too much end play, unbalanced rotor, loose laminations, 
loose rotor bars on squirrel-cage rotors, and chattering brushes on wound- 
rotor motors. Windage noises due to cooling fans and winding projections 
are, of course, always present and are more pronounced at high speeds; 
the noise resulting from the other imperfections can usually be reduced 
by making the proper adjustments or repairs. High-pitched, magnetic 
noise results, in the main, from the rapid vibration of the laminations. 
This can usually be traced to a high-frequency pulsating field that is caused 
by an improper choice of stator and rotor slots or by the wrong skew of the 
rotor slots. Although the skew is fundamental to the machine design 
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and cannot be changed, it is possible to lessen the noise by the use of 
magnetic wedges. 

Other common causes of noise are an air gap that is not uniform com- 
pletely around the circumference, a variation in the magnetic quality of 
the iron, and a winding that is unsymmetrical (see Chap. 13). These 
imperfections usually result in current unbalance and a tendency for the 
rotor to vibrate and become noisy. Fortunately this difficulty may often 
be remedied, partially or wholly, by the proper use of equalizers in parallel- 
connected windings. 


Noise Created by Magnetic Unbalance 

An induction motor will tend to be noisy in operation if the fluxes 
created by the poles are unequal. Such a condition can result if the winding 
is unsymmetrical, if the magnetic quality of the iron is not uniform, or if the 
air gap is not the same completely around the circumference. In practice it 
is generally the latter that is mainly responsible for the faulty performance, 
because (1) air gaps are usually extremely short, so that a slight dimensional 
variation from uniformity may represent a considerable per cent variation, 
(2) short air gaps are difficult to adjust accurately, (3) bearings wear in 
service, for which reason air gap variations do appear in time, even though 
the original adjustments are made with care. 

Consider, for example, a four-pole induction motor in which the air gap 
at the top is longer than that at the bottom because worn bearings have 
caused the rotor to drop slightly. Assume further that the four pole groups 
of each phase are connected in series so that the same current flows in all 
the coils. Since the magnetic reluctance at the top is greater than that at 
the bottom (the air gap is larger there), less flux will be created in the 
upper air gap than in the lower one. Recognizing the fact that magnetic 
force is proportional to the square of the flux, an unbalanced pull will be 
developed that will tend to force the rotor still closer to the bottom of the 
stator core. The rigidity of the shaft will, of course, try to prevent the slight 
bending action, but the opposing forces will nevertheless result in a rapid 
vibration of the rotor up and down, as it rotates, and considerable noise. 
Moreover, if this faulty operation is permitted to continue without correc- 
tion, the bearings will wear more rapidly, until the rotor actually touches 
the stator core; complete failure then occurs. 

There are two methods that will correct or forestall the foregoing diffi- 
culty. Obviously, one of them is to replace the worn bearings with new 
ones and accurately center the rotor in the stator bore. The other is to 
employ equalizers in a parallel-connected winding, the action of which is 
to provide a self-adjusting correction for the unbalanced magnetic pull. 
Since properly installed equalizers function automatically to strengthen 
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weak poles and weaken strong poles, induction motors will generally operate 
satisfactorily even when the magnetic and electrical circuits are unbalanced. 
Their theory is discussed in the next section. 


Theory of Equalizer Connections 

When the stator winding of a polyphase induction motor is energized, 
a magnetic field is created that revolves at synchronous speed (rpm = 
120 X f/P). As the poles rotate, they cut the stationary stator conductors 
at a constant rate. The result of this flux-cutting action is to induce volt- 
ages in the conductors that tend to oppose a current flow; these voltages 
are, therefore, counter emfs and are always slightly less than the impressed 
voltages. Since any induced voltage depends upon the magnitude of the 
flux that cuts a conductor, it should be clear that the value of a counter 
emf at any point in a stator winding will be determined by the flux at that 
point. Therefore, if a winding is completely symmetrical and all magnetic 
circuits are identical, in the sense that the reluctances of all flux paths are 
equal, the counter emfs in the various pole groups will be the same; under 
all other conditions of dissymmetry, differences will exist among the counter 
emfs induced in the pole groups distributed around the stator core. 

Fortunately, it is this very difference in the counter emfs that can be 
made responsible for the automatic correction of the unequal magnetic 
fluxes that cause noisy operation. And, as the following discussion will 
show, if a winding is properly connected and equalized, the differing counter 
emfs will produce circulating currents that will tend to strengthen the 
weak poles and weaken the strong poles; that is, the fluxes under all the 
poles will approach an equalized condition, even though the winding is 
unsymmetrical or the air gap is not completely uniform around the entire 
circumference. 

To understand how this is brought about, consider the four pole groups 
of one phase of a three-phase winding placed in a motor whose air gaps 
are unequal. Figure 140 illustrates the arrangement suggested as well as 
the four magnetic flux paths. On the assumption that the bearings have 
worn so that the rotor is closer to the lower surface of the stator core than 
it is to the upper surface, the counter emfs of pole groups A1, A», As, and 
A, are arbitrarily given values of 95, 100, 105, and 100 volts, respectively 
(see Fig. 140a). Now then, if the four pole groups are connected in series, 
as in Fig. 140b, the counter emfs will add together to oppose the impressed 
voltage. Under this condition, the same current / will pass through all 
coils, and no corrective action is possible. This is true because the same 
value of magnetomotive force will act on magnetic circuits whose reluctances 
are unequal; in other words, the fluxes in the upper and lower parts will 
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not be equal because the reluctances are not equal. The motor will, there- 
fore, be noisy. 

To take advantage of the differing values of counter emf so that a cor- 
rective action will be exerted, it is necessary to connect diametrically 
opposite pole groups in parallel. This is shown in Fig. 140c, where the 
pole groups are connected to form a series-parallel circuit; note that Ai 
is in parallel with A; and that A, is in parallel with A». With attention 
centered first upon the local actions within each parallel grouping, it is 
seen (1) that no independent circulating current can flow in the Ag, A» pair 
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Fia. 140. Sketches illustrating the evolution of the equalizer connection in one phase 
of a four-pole polyphase induction motor. 


because the counter emfs are equal at 100 volts, (2) that an independent 
circulating current will flow in the Ai, A; pair because there is an internal 
difference between the counter emfs, one being 105 volts and the other 
being 95 volts. Assuming that the normal current flow into the winding 
from the source is from top to bottom, 7.e., J; and 1)’, the local circulating 
current J, will be directed upward in pole group A3, and downward in 
pole group A, because the net counter emf of 10 volts (105 — 95) tends to 
oppose the normal direction of current. Thus, it is seen that the current in 
A, is strengthened by the current /., and the current in A3 is weakened 
by the current J... This is clearly the very effect that is desired, because 
the weak pole A; is strengthened, while the strong pole A; is weakened. 
Note particularly that differmg values of counter emf, ordinarily the seat 
of the noise, are made to exert a corrective influence upon the dissimilar 
fluxes. Understand that the circulating current J, does not actually exist 
as an independent current but is one of the components, an additive 
component in Aj, and one of the components, a subtractive component 
in A3. In practice it is much more desirable to connect the pole groups as 
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shown in Fig. 140d, which is the electrical equivalent of Fig. 140c; in the 
former arrangement the standard two-parallel connection is employed 
with the addition of an equalizer connection x — y. 


Typical Equalized Polyphase Windings 
Figure 141 shows two simplified wiring diagrams for a four-pole three- 
phase two-parallel-star-connected equalized winding. Except for the 
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Fig. 141. Wiring diagrams showing how a complete four-pole three-phase two-parallel 
star-connected winding is equalized. 


three equalizers clearly identified in both sketches, Figs. 141a and b, the 
winding connections are quite similar to those previously discussed in 
Chap. 11. Of particular importance, however, is the unique arrangement 
of the pole groups in the two parallels of each phase. That is, to take 
advantage of the unequal counter emfs in the coils that are on opposite 
sides of the stator, zt 2s customary to pair pole groups that are diametrically 
opposite. Thus, in Fig. 1410, it will be noted that each phase was formed 
into two parallel paths so that the 1-3 and the 4-2 pole groups could be 
directly paired by the same equalizer. In this connection it is well to 
recognize the fact that a winding can be equalized only if the bottom-to- 
bottom (B-B) and top-to-top (T-T) connection is used (see Fig. 94). 
Figure 142 illustrates the wiring connections for a six-pole three-phase 
two-parallel-star-connected equalized winding. Observe that each phase 
has two equalizers and that diametrically opposite pole groups are again 
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paired, so that a circulating current can flow in each pair independently 
of any other part of the winding. This, in fact, is the real secret of correct 
equalization of polyphase windings. 


(a) WINDING CONNECTIONS (6) SIMPLIFIED SCHEMATIC DIAGRAM 


Fia. 142. Wiring diagrams showing how a complete six-pole three-phase two-parallel 
star-connected winding is equalized. 


Fie. 143. Schematic diagram of an eight-pole three-phase two-parallel delta-connected 
winding completely equalized. 


A schematic diagram of an eight-pole three-phase two-parallel-delta- 
connected winding is shown in Fig. 143. Note that three equalizers are 
needed for each phase to completely equalize the winding. Also observe 
how diametrically opposite pole groups are joined together in parallel by 
the equalizer connections. 
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Additional Facts Concerning Equalizer Connections 

From the foregoing discussions, and from Figs. 141, 142, and 143, it 
should be clear that the number of equalizers per phase required to com- 
pletely equalize a two-parallel-connected winding is always one less than 
the number of pole groups in each of the parallels; this will always be 
(P/2 — 1). Thus, for a four-, six-, eight-, or twelve-pole winding, there 
will be, respectively, one, two, three, or five equalizers per phase. 

Equalizer connections do not generally carry heavy currents; the currents 
are, in fact, much lower than those in the jumpers between pole groups. 
The wire size for the equalizers may, therefore, be smaller than that used 
for the jumpers. However, for practical reasons, and also because equal- 
izers are usually extensions of the jumper connections, all wires that inter- 
connect the various parts of the winding have the same wire size. 

When unsymmetrical windings (see Chap. 13) are to be equalized, it is 
especially important that paired pole groups have exactly the same number 
of coils. Unless this precaution is taken, heavy circulating currents and 
excessive heating will result. Therefore, before attempting to use equal- 
izers on such windings, the latter should be carefully laid out so that the 
principles studied in this chapter are not violated. 

Two-phase windings can, of course, be equalized in essentially the same 
way as are three-phase windings. In applying the principles of equalizer 
connections to two-phase windings, each phase is treated independently. 
No diagrams have, therefore, been given for two-phase windings because, 
in so far as equalization is concerned, they are similar to those described. 

For obvious reasons, equalizer connections cannot be used on two-pole 
windings. The two pole groups of each phase are already in parallel with 
each other in the usual two-parallel connection. Moreover, since the flux 
passes directly across the rotor diametrically, any increase in the air gap 
on one side, for example, is accompanied by an equal decrease on the other 
side. Since the reluctance of the entire magnetic circuit does not change, 
it follows that there is no change in the value of the flux at both air gaps. 
It is clear, therefore, that two-pole windings are by their very nature 
essentially equalized. 

When a polyphase winding is completely and properly equalized, the 
motor will generally perform quietly and efficiently. Such a machine will, 
in fact, operate noiselessly and without undue heating, even if a complete 
set of coils in one pole group is cut out. (It is sometimes necessary to dis- 
connect a pole group if coils are short-circuited, in order to maintain essen- 
tial service.) Doing so will, of course, unbalance the line currents, but 
satisfactory operation may be continued. 
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Summary 


1. Motors that are noisy in operation are either poorly designed and 
constructed or have received severe treatment in service. 

2. It is often possible to remedy noisy motor performance by the proper 
use of equalizer connections. 

3. When a motor is noisy, the trouble may be either mechanical or 
magnetic, although both causes are often interrelated. 

4. The following common mechanical noises may be listed: windage, 
loose bearings, too much end play, unbalanced rotor, loose laminations, 
loose rotor bars in squirrel-cage motors, chattering brushes on wound-rotor 
motors. 

5. High-pitched magnetic noises are due to the very rapid vibration 
of the laminations and may usually be traced to an improper choice of 
stator and rotor slots or to the wrong skew of the rotor slots. 

6. Other common causes of noise are the following: air gap not uniform 
completely around the circumference, a variation in the quality of the iron, 
a winding that is unsymmetrical. 

7. An induction motor tends to be noisy in operation if the fluxes 
created by the poles are unequal. 

8. The air gap is usually very small in induction motors. It is for this 
reason that it is difficult to adjust accurately and to maintain uniformity 
in service. Air gap variations are mainly responsible for much of the noise 
of induction motors. 

9. Considerable noise occurs in induction motors if the air gap is not 
uniform because, under this condition, the air gap fluxes are unequal under 
the several poles. Rapid vibration of the rotor then occurs, as it rotates, 
since an unbalanced magnetic pull is created that is opposed by the rigidity 
of the shaft. 

10. When bearings are worn so that the air gap is not uniform, it is well 
to replace them with new ones. To forestall further difficulty from this 
defect, it is desirable to install equalizers in a parallel-connected winding 
when this is possible. 

11. When polyphase currents flow in a stationary stator winding, a 
revolving field is created. This revolving field induces counter emfs in the 
stationary conductors. 

12. If the revolving field is constant in magnitude, the counter emfs in 
the various pole groups will be the same. 

13, Under conditions of magnetic and winding dissymmetry, differences 
will exist among the counter emfs in the pole groups distributed around 
the stator core. 

14. In equalized windings, the differing counter emfs are made re- 
sponsible for the self-correction of the unequal fluxes. 
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15. When a winding is equalized by using a two-parallel connection with 
equalizers, a circulating current tends to flow in each parallel pair if their 
counter emfs are unequal. This circulating current strengthens the weak 
pole and weakens the strong pole. 

16. A winding can be properly equalized in a two-parallel connection 
if diametrically opposite pole groups are paired. This is possible only if 
the bottom-to-bottom (B-B) and top-to-top (T-T) connection is used. 
This is the real secret of correct equalization. 

17. The number of equalizers per phase in a two-parallel winding is 
(P/2 — 1.) 

18. In practice the wire size used for the equalizers is the same as that 
in the jumpers between pole groups. 

19. When unsymmetrical windings are to be equalized, it is important 
that the paired pole groups have the same number of coils. 

20. Two-phase windings can be equalized in exactly the same way as 
are three-phase windings. 

21. No equalizer connections are possible on two-pole windings. 

22. Two-pole windings are, in themselves, equalized because no flux 
change can occur where the flux passes across the rotor diametrically. 


CHAPTER 16 


Winding Changes and Calculations in Polyphase 
Induction Motors 


It is sometimes necessary to modify an a-c armature winding in an 
induction motor so that the machine will perform with satisfaction when 
the supply voltage, frequency, or number of phases is changed. At other 
times it may be desirable to operate at a different normal speed, in which 
event the changes are often made possible by reconnecting the coils and 
pole groups for the new set of conditions, while in still other circumstances 
the existing winding must be stripped from the core and a completely new 
one installed. This chapter will deal with the basic principles underlying 
winding changes and their application to some of the more common practi- 
cal problems. j 


Basic Principles 


Changes in induction motor windings may be divided into four classes, 
namely, (1) voltage changes, (2) frequency changes, (3) changes in the 
number of phases (two-phase to three-phase and vice versa), and (4) 
changes in the number of poles. Each one of them may or may not be 
accompanied by a variation in the torque and horsepower output of the 
motor, although, in general, it may be said that little or no change will 
result in the operating performance if the maximum flux per pole and the 
speed are unaffected when the winding is modified. 

The fundamental voltage equation [Eq. (7), Chap. 2, page 13] may be 
used as a basis for all winding changes if and when it is properly interpreted 
and applied to each individual case. In its original form the equation 
E = 4.44foNk,ka X-10-* states that the voltage generated in a given 
a-c armature winding per phase is directly proportional to three factors, 
namely, (1) the supply frequency f, (2) the total flux created by each pole 
@, and (3) the number of turns in series in each phase N. Neglecting the 
impedance drop in the motor winding and assuming that the counter emf 
is very nearly equal to the impressed voltage per phase, it is substantially 
correct to apply the equation to the motor winding and the source to which 
the latter is connected. Thus, if the voltage across the motor is increased 
(or decreased), without a change in the frequency f and the flux per pole ¢, 
it is necessary that the number of turns in series per phase be increased 

194 


WINDING CHANGES AND CALCULATIONS 195 


(or decreased) proportionately. Again, if the supply frequency is increased 
(or decreased), either of two changes may be made to obtain the same flux, 
namely: (1) The voltage may be increased (or decreased) in the same pro- 
portion, or (2) the number of turns in series per phase may be decreased 
(or ¢ncreased) proportionately. Furthermore, if a motor is to be operated 
from a polyphase supply having a different number of phases, 7.¢., two- 
phase instead of three-phase, or vice versa, the winding must either be 
reconnected properly and a different voltage applied or a new winding 
must be installed that matches the available voltage and phase system. 
Moreover, in all changes, account must be taken of the pitch and dis- 
tribution factors k, and ka, although these are generally of minor im- 
portance. Each of the foregoing points will now be discussed in some detail 
and illustrated by appropriate examples. 


' Voltage Changes 


One of the most common changes involves a comparatively simple 
reconnection of the winding so that the motor will operate at 2, 3, 4, etc., 
or lo, 4, \%, ete., times the original voltage. In many cases this is readily 
accomplished by disconnecting the end connectors that join together the 
various pole groups of each phase and by reconnecting the winding so that 
the number of parallels in each phase increases (or decreases) in the same 
ratio as the voltage decreases (or increases). Thus, if a 440-volt series- 
star-connected winding is to be operated on 220 volts, a two-parallel star 
connection is made. How this is accomplished is shown schematically for 
one phase in Tigs. 100a and 0, and for the entire winding in Fig. 103. The 
change from one voltage to another that is twice or one-half as much is, 
in fact, made so frequently that manufacturers often bring out nine termi- 
nal leads for interconnection on the outside of the motor. This practice 
not only makes it possible for the user to connect the winding for either of 
two available voltages without dismantling the motor, unsoldering, and 
resoldering end connectors, but permits the manufacturer to build standard 
machines that will serve equally well when connected as indicated. Figure 
104 illustrates how this is done in a six-pole motor, while Fig. 105 depicts 
a cutaway view of a machine of this type. Note particularly, in studying 
the diagrams, that the voltage per pole group remains exactly the same 
for either of the two connections. This is in accordance with the voltage 
equation, simplified to H = kN in this case, to combine all constant terms 
(4.44fok»ka X 10-8) into a single proportionality factor k, which indicates 
that the voltage per phase is directly proportional to the number of turns 
in series per phase. Therefore, if the voltage is halved, the number of 
turns in series per phase is halved by using the two-parallel connection; 
conversely, if the voltage is doubled, the number of turns in series per 
phase is doubled by using a series connection. 
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When the voltage across a motor must be changed to one-fourth the 
original rating, each phase must be reconnected to have four times as 
many parallel paths. Obviously, the number of poles in the winding must 
be a multiple of four, because only in this way is it possible to have exactly 
the same number of coils in each path, an important requirement for 
proper operation. Thus, if a 460-volt motor is to be reconnected for service 
on 115 volts (144 X 460 = 115), and the original connection is series-delta, 
the changed winding must be four-parallel delta. The latter is permissible 
only if there are 4, 8, 12, 16, ete., poles, because any other number of poles 
such as 6, 10, 14, etc., will not permit a division of the total number of 
coils per phase into four equal parts. Note too that if the original connec- 
tion is delta (or star), the reconnected winding must be delta (or star). 
Figures 92 and 102 illustrate exactly how the change is made from one, 
the series-delta, to the other, four-parallel delta, when there are four poles. 

Table 2 (p. 128) summarizes the foregoing discussion, but, as pointed out, 
must be applied to each particular problem so that (1) the number of poles 
in the winding must be a multiple of the required number of parallels in 
the modified winding and (2) the same interconnection (star or delta) must 
be made between phases. 

When a three-phase winding is reconnected from a star to a delta, with 
no change in the number of parallel paths, the voltage must be changed in 
the ratio of # to 0.58£; conversely, if the change is made from delta to star, 
with no change in the number of parallels, the voltage must be changed 
in the ratio of H to 1.73H. Figure 106 illustrates the voltage relationships 
between the star and delta connections. This additional reconnection 
extends the number of possible voltage changes considerably, because such 
a change can often be combined, with regroupings in the number of parallel 
paths, to yield many special voltage combinations. 

An excellent example of this practice is a motor-voltage change from 240 
to 208 volts, since both three-phase services are widely employed. To 
accomplish such a change without rewinding the motor, it would be neces- 
sary that the original 240-volt winding be a series-delta. Under this 
condition the voltage across one-half of each phase would be 120 volts. 
Now then, if a two-parallel star connection were used, the line terminal 
voltage would have to be 1.73 < 120 = 208 volts; this potential would 
then fulfill the important requirement that the voltage across each pole 
group remain the same. A change such as the one suggested here must 
be made carefully and systematically, if errors are to be avoided; this 
usually involves the drawing of a simple, properly labeled diagram and 
tagging the winding terminal points correspondingly. The following pro- 
cedure, in connection with Fig. 144, will indicate a well-planned sequence 
of operations that should prove helpful for this problem as well as others 
of a similar nature. (1) After dismantling the motor, locate the corners 
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of the delta; these may be readily traced from the line terminal leads (see 
Fig. 144a). (2) Disconnect the corners of the delta and label the start and 
finish points of the three phases S4l'4, Ss /'p, ScoF'c (see Fig. 1446). (3) Lo- 
cate the three connectors, each of which joins together the two halves of 
each phase (see Fig. 1446). (4) Cut the three connectors, and carefully 
label each pair aa’, bb’, and cc’, so that they are systematically marked 
with respect to the terminal ends SaF4, SpF'z, and ScF¢ (see Fig. 144c). 


5 oD 
Fa, SB La, SB 
a4 a Si 
Corners + Ge 
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. 5 Sa SRO NES, Ba eB pd iE 
Le Sc Le c Sc 
(a) (6) (ce) 
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Fic. 144. Wiring diagrams illustrating a procedure for reconnecting a series-delta 
winding to a two-parallel star winding. 


(5) Make the two-parallel connection by joining together a to Fa, a’ 
to Su, b to Fz, b’ to Sz, c to Fo, and c’ to Sc (see Fig. 144d). (6) Make 
_the star connection by joining together 4, Fz, and Fe (see Fig. 144¢). 
(7) Connect the line leads to S4, Sz, and Sc (see Fig. 144f). 

The most desirable voltage changes are, of course, those in which the 
windings lend themselves to reconnection; this is true because such jobs 
can usually be performed simply and inexpensively. However, in many 
cases it is not feasible to reconnect a winding for a different desired voltage, 
because no combination of a star, delta, or parallels is suitable. When this 
happens it is generally necessary to strip the winding from the core and 
install a new one having the proper number of turns per phase, parallels, 
and star or delta interconnection. Although original winding design is 
beyond the scope of this book, it is nevertheless a comparatively simple 
matter to make calculations for a new winding that will perform satis- 
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factorily on a different voltage if careful note is taken of all important 
details as the original winding is stripped out. The data needed are coil 
pitch, turns per coil, size of wire, insulation materials, and kind of connec- 
tion. Then, with this information as a guide, all calculations for the new 
winding can be made on a ratio basis. Remembering that turns in series 
per phase is directly proportional to voltage per phase, it is merely necessary 
to apply the correct ratio factor determined by dividing the new volts per 
phase by the old volts per phase. Moreover, as the number of wires that 
must be placed in each slot is increased (or decreased), the area of the wire 
must be decreased (or increased) proportionately; the wire size should, 
in fact, be as large as possible, since the motor power depends, to a great 
extent, upon the cross-sectional area of the copper. Minor voltage adjust- 
ments, where fractional turns appear in the final calculations, can usually 
be taken care of by changing the coil pitch and applying the proper pitch- 
factor ratio. 
>. 

Frequency Changes 

When a given induction type of motor is connected to a source whose 
frequency is more (or less) than that for which it is designed, the voltage 
must be increased (or decreased) in direct proportion to the frequency 
change, if the flux per pole is to be kept constant. The fundamental equa- 
tion, Eq. (7) previously referred to, is responsible for. this statement, be- 
cause the impressed voltage £ is directly proportional to the frequency, on 
the assumption that the terms (4.44@Nk,ka X 10-8) are replaced by a 
proportionality factor k; 2.e., H = kf. Moreover, since the number of 
revolutions per minute depends upon the supply frequency [see Eq. (3), ~ 
Chap. 2, page 9], it should be clear that any change in the frequency will 
at once result in a corresponding rise or fall in the rotational speed. Thus, 
for example, if a 250-volt 60-cycle 1,725-rpm induction motor is to be oper- 
ated from a 50-cycle source, the emf should properly be 208 volts (50/60 
X 250 = 208), under which condition the speed would be about 1,437 rpm 
(50/60) Glo 25 = 91-437) 

It is generally true, however, that a frequency change is not accompanied 
by a corresponding voltage change in the source, in which event it is 
necessary to do one of two things, namely: (1) Reconnect the winding for — 
the new frequency and voltage, if this is possible, or (2) strip the winding 
from the core and install a new one. Two examples will now be given to 
illustrate the foregoing. 


ExampLe 1. feconnecting the winding. A 230-volt 50-cycle six-pole 
induction motor has a stator winding that is connected three-parallel star. 
What change should be made in the winding if it is to operate satisfactorily 
from a 230-volt 60-cycle source? 
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Solution 

Remembering that the voltage across a motor must be changed by the 
same ratio as the frequency is changed, it is correct to say that this ratio 
applies equally well to each pole group. It follows, therefore, that the volts 
per pole group on 60 cycles must be 1.2 X volts per pole group on 50-cycles 
(60/50 = 1.2). Since the 50-cycle winding is connected three-par allel-star, 
the 50-cycle volts per pole group is equal to 0.58 X (230/2) = 66.5. The 
reason for this is made clear by referring to Fig. 145a. Note, first, that the 
volts per phase is equal to 0.58 X 230 =- 133, and, second, that the volts 
per pole group is equal to 133/2 = 66.5, because each of the parallel paths 
contains two pole groups in series. Hence, the volts per pole group on 60 
cycles must be 1.2 X 66.5 = 79.8. 

To determine whether or not a line voltage of 230 may be made to yield 
79.8 volts per coil group, it must first be recognized that there are four 
possible connections of the pole groups in each of the phases. These are 
series, two-parallel, three-parallel, and six-parallel. A little thought on 
the matter will indicate that no star combination is possible, because the 
voltages per pole group are 133/6 = 22.2, 1383/3 = 44.3, 1383/2 = 66.5, 
and 133/1 = 133. Trying the delta connections, the voltages per pole 
group are 230/6 = 38.3, 230/3 = 76.7, 230/2 = 115, and 230/1 = 230. 
Since 76.7 volts per pole group is only about 4 per cent below the desired 
79.8 volts, a three-parallel-delta reconnection should prove quite satis- 
factory. And, if the 60-cycle supply could be raised to 240 volts, the motor 
would operate perfectly. Figure 145b represents a schematic diagram of 


“the reconnected two-parallel-delta winding. The 60-cycle speed of the 


motor will be about 20 per cent higher than the 50-cycle speed. 
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Fia. 145. Schematic diagrams showing how a 230-volt 50-cycle winding (3-parallel 
star) is reconnected for 230-volt 60-cycle service (2-parallel delta). 
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EXxAmpuieE 2. Rewinding the stator. A 220-volt 25-cycle eight-pole induc- 
tion motor has a stator winding that is connected series-star. What 
change should be made in the winding if it is to operate satisfactorily from 
a 460-volt 60-cycle source? 


Solution 


The voltage per pole group of the 25-cycle motor is 0.58 X (220/8) 
= 15.9. Therefore, when connected to a 60-cycle source, the voltage per 
pole group should be (60/25) X 15.9 = 38.1. Since no combination of 
star or delta connections will yield a voltage close enough to 38.1, it will 
be necessary to strip the winding from the core and install a new one. 
(The series-star connection would yield 0.58  460/8 = 33.4 volts per 
pole group, and the series-delta connection would give 460/8 = 57.6 volts 
per pole group; these are the closest values to 38.1 and would not be satis- 
factory.) Referring again to the voltage equation, Eq. (7), it is seen that the 
voltage H is directly proportional to the number of turns in series per phase. 
Selecting a series-star connection for the new winding, which is similar to 
the original one, each coil should have 2.4 times as many turns as originally. 
/When the 25-cycle winding was stripped from the core, it was found that 
there were 15 turns of No. 16 (2,583 circular mils) wire in each coil. There- 
fore, the 60-cycle winding must have 2.4 X 15 = 36 turns per coil. Since 
the wire size should be correspondingly smaller, it must have about 
| 2,583/2.4 = 1,075 circular mils; the nearest wire size to this value is No. 
20, which has 1,022 circular mils. The 60-cycle speed will be about 850 
rpm, as compared with 350 rpm when operated on 25 cycles. 

E=bfN° N ; N, cae 
Changes in the Number of Phases 

Practically all large polyphase systems are, at present, three-phase. 
A few comparatively small two-phase systems are still in existence, although 
these are gradually being replaced by what may eventually become the 
standard three-phase system of generation and distribution of electric 
energy. 

When a three-phase (or two-phase) motor must be connected to a two- 
phase (or three-phase) power system, it is, of course, possible to use a bank 
of transformers, connected in Scott, between motor and source; the Scott- 
connected transformers, having the proper ratios of transformation, change 
two-phase to three-phase, and vice versa. This practice is sometimes 
employed where a considerable amount of power is involved; and it is, 
for example, practicable to install the necessary transformer equipment 
to service standard, efficient, three-phase machines from a two-phase 
service. 
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In individual cases, however, it is often more economical to reconnect 
or rewind a motor for operation on an existing polyphase system; 7.c., a 
two-phase motor winding may be changed to three-phase, or vice versa. 
When this is done, certain well-established procedures must be followed, 
as explained below. 

When a motor must be operated directly from a source having a different 
_ number of phases than that for which it was originally designed, it is 
usually necessary to strip the winding from the core and install a new one. 
There are two important reasons for this. In the first place, a reconnected 
winding always involves a changed voltage whose value does not generally 
match any of those available on standard polyphase systems. Secondly, 
the existing phase insulation between adjacent coils of different phases 
(see Figs. 98 and 111) is correctly placed in the original design only; there- 
fore a change in the number of phases, which always involves a change in 
the number of coils per pole group, usually results in a winding that does 
not have the proper interphase insulation. 

The following analysis will indicate why, and by what amount, the 
voltage must be changed when a winding is reconnected from two-phase to 
three-phase, and vice versa. Consider a stator that has S slots; the total 
number of stator coils will, therefore, be S. Assuming the series connec- 
tion, a two-phase winding will have S/2 coils per phase, while a three-phase 
winding will have S/3 coils per phase. Moreover, the number of coils per 
pole group in a two-phase winding will be greater than the same winding 
reconnected for three-phase; this implies that the two-phase distribution 
factor ka will be less than the three-phase distribution factor kas. Now 
then, since the volts per phase is directly proportional to both the turns per 
phase and the distribution factor, other things remaining the same, it 
follows that: 


Eopn —_ / 2 x kao = 3 kao 
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But since the average value of the ratio k»/ka = 0.94 


Therefore 
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This means that (1) if a three-phase winding is reconnected for two-phase 
operation, the volts per phase must be increased by 41 per cent; (2) if a two- 
phase winding is reconnected for three-phase operation, the volts per phase 
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must be decreased by 29 per cent. Thus, if a 230-volt two-phase series- 
connected winding is reconnected series-delta, the three-phase line voltage 
should be 0.71 X 230 = 163 volts. However, if the same winding is re- 
connected series-star, the line voltage should be 1.73 X 163 = 282 volts, 
because the line voltage in a star connection is 1.73 times the phase voltage. 
Figure 146 illustrates schematically the voltage relations that are involved 
in the change from two-phase to three-phase. 

Again, if a 230-volt three-phase series-delta winding is reconnected for 
two-phase operation, the voltage should be 1.41 X 230 = 324 volts. 


(230-volt, 2-phase source) (165-volt, 3-phase source) (282-vol/t, 3-phase source) 


Sf colls per phase 
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Fic. 146. Schematic diagrams illustrating the winding and voltage change: required 
when reconnecting from two-phase to three-phase. 


Furthermore, a reconnection from three-phase series-star to two-phase 
requires a voltage change from 230 to 1.41 X (230/1.73) = 187 volts. 
Schematic diagrams illustrating these voltage changes are shown in Fig. 
147, the series connections being assumed in all cases. 

When a winding must be reconnected from two-phase to three-phase, or 
vice versa, great care must be exercised when joining together the individual 
coils into pole-group sections and interconnecting the various pole groups. 
The reconnection should, in fact, be planned with such care that the 
original winding is disturbed as little as possible. Assuming, then, that a 
reconnection is both possible and practicable, a procedure similar to the 
one illustrated by the following typical example should be employed. 


EXxampue 3. A 440-volt two-phase four-pole motor is to be reconnected 
for operation from a 550-volt three-phase source. If the stator winding 
has a total of 48 coils, and each of the two phases has 24 coils in series 
determine whether the reconnection is ‘practical, and if so, illustrate Ne 
diagrams how the change should be carried out. 
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Solution 
Since there is a total of 48 coils, a symmetrical three-phase four-pole 
winding is possible, because each pole group will have 48/4 < 3 = 4 coils 
in series. If a series-star connection is used, the three-phase source should 
have a voltage of 1.73 (0.71 X 440) = 540 volts. The source voltage 
being less than 2 per cent high, satisfactory operation will result if the 
change is made as indicated. 


(230-volt Fphase source) (324-volt 2-phase source) 
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(a) CHANGE FROM 3-PHASE DELTA TO 2-PHASE. 4-WIRE 


(230-volt, 3-phase source) (/87-volt#. 2-phase source) 
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(6) CHANGE FROM 3-PHASE STAR TO 2-PHASE 4-WIRE 


Fre. 147. Schematic diagrams illustrating the winding and voltage changes required 
when reconnecting from three-phase to two-phase. 


Figure 148, divided into four parts, illustrates how the reconnection 
should be carried out. The original two-phase connection is shown in 
Fig. 148a. The first step is to remove all cross-connectors; this is repre- 
sented by Fig. 148b, which indicates that each pole group has six coils in 
series. The second step is to rearrange the pole groups so that there are 
four coils in each; note how this was done in Fig. 148c, where two coils 
were detached from each of two adjacent pole groups and then joined in 
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series. The final step is to connect the 12 pole groups to form a series-star; 
this is illustrated by Fig. 148d. 


ais 


(a) ORIGINAL 2-PHASE, ] (6) CROSS-CONNECTORS REMOVED 
440-VOLT WINDING 


FROM 2-PHASE WINDING f 


(el) RECONNECTED, PHASE, 
550-VOLT, SERIES-STAR 
WINDING 


é., POLE GROUPS RECONNECTED 
FOR 3-PHASE 
oe coils per pole group 3 


e000 2 999% 


Fig. 148. Diagrams illustrating the procedure for reconnecting a 440-volt 2-phase 
winding for 550-volt 3-phase service. (See Example 2.) 


Changes in the Number of Poles 


When the number of poles in the stator winding of an induction motor 
is to be changed, the intention is obviously to alter the normal speed; it is 
assumed, of course, that the supply frequency is to be the same. Remem- 
bering that the speed of a motor is inversely proportional to the number of 
poles (rpm = 120f/P), it follows that a reconnection (or rewinding) of a 
motor, which results in an increase (or decrease) in the number of poles, will 
produce a corresponding decrease (or increase) in the speed. Thus, for 
example, a change in the number of poles from four to six will be accom- 
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panied by a speed reduction of 3314 per cent; again, a change in the number 
of poles from eight to six will mean a speed increase of 3314 per cent. 

Pole changing may be accomplished in either of two ways, namely, (1) by 
stripping the winding from the core and installing a new one designed to 
operate at the proper speed from the available voltage source and (2) by 
reconnecting the original winding for the new pole combination so that it 
will perform satisfactorily when connected to the same or a different supply 
voltage. The second procedure is generally preferable when this is possible, 
since the cost of a reconnection is less than a rewind job. However, 
whether or not a given winding can be reconnected as indicated will largely 
_depend upon such factors as the number of stator slots, the type of wind- 
ing, the extent to which the number of poles is changed, the coil pitch, and 
the original winding connection (7.e., its Y, A, or parallel combination). 
As a rule, it is not considered good practite to reconnect a winding if there 
is to be an extreme change in the number of poles or if the calculated 
voltage for the new connection differs too greatly from the available emf. 

Assuming that it is possible to regroup all the coils in an existing stator 
to yield a winding for a desired pole combination, it is next necessary to 
determine how the changed winding must be connected for the available 
voltage. This calculation may be made on the basis of the fundamental 
principle which states that the total flux produced by all the poles of each 
phase of the reconnected winding must be the same as that in the original 
winding. The principle, therefore, implies that the volts per coil, directly 
proportional to the flux per pole (EH, = kf), must be changed inversely 
with respect to the change in the number of poles because, as the number 
of poles is increased (or decreased), the flux per pole must be decreased 
(or increased) if the total flux is to remain unchanged. Moreover, the 
impressed voltage per coil must be changed directly with respect to the 
pitch factor k, because, as the pitch factor is increased (or decreased), each 
coil becomes more (or less) effective in generating a counter emf. 

The foregoing analysis now leads to a systematic procedure to determine 
the voltage and type of connection that must be used when a given wind- 
ing is reconnected for a different number of poles. The following steps 
are suggested: (1) Calculate the volts per coil in the original winding; 
(2) calculate the ratio of the original number of poles P, to the new number 
of poles Pp, 7.e., P./Pn; (3) calculate the ratio of the new pitch factor to 
the original pitch factor, 7.¢., kp,/kp,; (4) multiply together the three values 
obtained in 1, 2, and 3 to obtain the volts per coil in the new winding; 
(5) select a possible type of winding connection that will result in a value 
of volts per coil that closely approximates that obtained in (4). 

A practical example will now be given to illustrate the method outlined 


above. ' 
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Exampue 4. A 10-pole 3-phase 460-volt 60-cycle induction motor wind- | 
ing is to be reconnected for 12-pole operation from the same source of 
supply. Inspection of the stator discloses that there are 180 slots, the 
winding is double-layer lap, the coil span is 15 slots, 7.e., slot 1 to slot 16, 
and the connection is two-parallel delta. Determine the proper connection 
to be used for the 12-pole winding. Make schematic diagrams showing the 
original and the new winding connections. 


Solution 

(1) Total number of coils = 180; coils in series per phase in the original 
two-parallel-delta connection = 180/3 X 2 = 30; volts per coil in the 
original winding = 460/30 = 15.33 

(2) Ratio of P,/P, = 75 = 0.833 

(3) Slots per pole (10-pole) = 180/10 = 18; coil span = (15/18) 
x 180° = 150°; k,,, = sin (150°/2) = 0.956; slots per pole (12-pole) 
= 180/12 = 15; coil spany = (15/15) X 180° = 180°; k,,, = sin (180°/2) 

= 1.0; kp,,/Kkp,, = 1/0.956 = 1.046 

(4) Volts per coil in new winding = 15.33 X 0.833 X 1.046 = 18.33 

(5) If a three-parallel star connection is selected, the coils in series per 
phase = 180/3 X 3 = 20; volts per phase = 460/ V3 3 = 266; volts per coil 
=e 200) 20c aloe 

Figure 149 shows schematic diagrams for the original 10-pole and the 
reconnected 12-pole windings. Note particularly the calculated voltage 
values across the various portions of both sketches. 

Other problems of a similar nature may be solved in the same way, 
although it should be pointed out that it is not always possible to rearrange 
the coils of a winding for a new pole combination and a definite voltage 
source. It frequently happens that no practicable parallel, star, or delta 
connection yields the calculated volts per coil. Under this condition it 
becomes necessary to rewind the stator completely for the new set of pole 
and voltage conditions; the procedure for making calculations for a new 
winding should follow a plan similar to that previously given, in which ratios 
are applied to the original volts per coil. 


Summary 
1. Windings in polyphase motors are sometimes reconnected for opera- 
tion at a different supply voltage; frequency, or number of phases; infre- 
quently the number of poles must be changed so that a new definite speed 
may be obtained. 
2. When it is impractical to reconnect a winding for operation under 
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Fig. 149. Schematic diagrams illustrating how a 10-pole 3-phase winding is reconnected 
for 12-pole operation (see Example 4 for a statement of the problem and the solution). 
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a new set of conditions, the stator must be stripped and a new winding 
must be installed. 

3. There are four classes of induction-motor winding changes, namely, 
(1) voltage changes, (2) frequency changes, (3) changes in the number of 
phases, and (4) changes in the number of poles. 

4. Winding changes may or may not be accompanied by variations in 
torque and horsepower output. 

5. The basis for all winding changes is embodied in the fundamental 
voltage equation, Eq. (7), Chap. 2, p. 13. 

6. Common winding changes involve reconnections so that a motor 
will operate at 2, 3, 4, ete., or 14, 14, 4, etc., times the original voltage. 

7. Voltage changes are readily effected through a change in the number 
of parallels, a change from star to delta, or vice versa, or combinations 
of these. 

8. Manufacturers frequently bring out nine leads from a stator winding 
so that a motor may be connected for either of two voltages, one twice the 
other. 

9. In general, increasing the number of parallels in a given winding 
requires a corresponding decrease in the supply voltage. 

10. If a winding is reconnected from star to delta, with no change in the 
number of parallels, the voltage must be changed in the ratio of # to 
0.58E; conversely, if a winding is changed from delta to star, with no 
change in the number of parallels, the voltage must be changed in the 
ratio of H to 1.73E. 

11. When a new winding must be installed in a stator, because a recon- 
nection will not fulfill a new set of operating conditions, calculations may 
be made on a ratio basis, assuming, of course, that all winding details are 
noted when the original winding is stripped from the core. 

12. When a motor must be operated from a supply whose frequency is 
not the same as that for which the winding is designed, the voltage must 
be changed in direct proportion to the frequency change. 

13. If a frequency change is not accompanied by a corresponding voltage 
change in the source, it may be necessary to reconnect the winding to match 
the available voltage, or, if this is not possible, a new winding must be 
installed. 

14. When a three-phase motor must be operated from a two-phase 
source, or vice versa, a bank of transformers may be employed to change 
the number of phases, the winding may be reconnected for the new phase 
system, or a new winding may be installed. 

15. If a three-phase winding is reconnected for two-phase operation, the 
volts per phase must be increased by 41 per cent. 
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16. If a two-phase winding is reconnected for three-phase operation, 
the volts per phase must be decreased by 29 per cent. 

17. Great care must be exercised when a winding is changed from three- 
phase to two-phase, or vice versa. A systematic procedure should be 
followed in joining together the individual coils into pole groups and the 
various pole-group sections into phases. 

18. Pole changing in a stator winding implies that the normal speed 
of the motor is to be modified. 

19. The speed of a motor varies inversely as the number of poles. 

20. Pole changing may be accomplished either by stripping the winding 
from the core and installing a new one designed for the new speed and 
voltage or by reconnecting the original winding for the new pole and 
voltage combination. The latter is desirable when this is practicable. 

21. It is not considered good practice to reconnect a winding if there is 
to be an extreme change in the number of poles. A change of two poles, 
sometimes four, is generally permissible. 

22. When a winding is reconnected for a different number of poles, the 
new voltage must be determined on the basis of the fundamental principle 
that the total flux produced by all the poles of each phase of a reconnected 
winding must be the same as that in the original winding. 

23. To fulfill the principle stated above, it is necessary that a pole change 
be accompanied by an inverse change in the flux per pole. Also a change 
in the pitch factor must be accompanied by a corresponding voltage change. 

24. When the calculated volts per coil in a pole-changed winding cannot 
be matched by any combination of parallels, or by star and delta inter- 
connection, a new winding must be designed and installed in the stator. 


CHAPTER@17 


Winding Troubles: Causes, Symptoms, Locations, 
Remedies 


Alternating-current, induction-type machines are less likely to develop 
trouble than those designed for d-c service. This is undoubtedly true 
because the difficulties arising from commutation are no longer present, 
and moving contacts are, for the most part, eliminated. However, because 
of severe and abnormal service conditions in the field, or careless manu- 
facture and inspection in the shop, machines may occasionally operate 
improperly or break down completely. Among the many reasons for 
possible failure are: excessive heating due to overloads; poor ventilation; 
loose squirrel-cage connections between rotor bars and end rings; worn or 
carelessly installed bearings; frequent starting and stopping with excessive 
starting currents; objectionable surroundings such as moisture, chemical 
fumes, dirt, etc.; operation on the wrong voltage or frequency; improper 
winding connections; and many others. This chapter will attempt to 
point out some of the more common sources of troubles, their location, and 
remedies, although it should be mentioned that considerable experience 
with actual service conditions in the field is essential in the important and 
interesting occupation of ‘‘trouble-shooting.”’ 


General Kinds of Winding Troubles 


Faulty operation or complete breakdown of an induction-type machine 
may be traced to either of two general classes of trouble, namely, mechani- 
cal or electrical. Mechanical difficulties arise from such factors as loose 
bearings, eccentric or bent shafts, unbalanced rotors and loose bars in the © 
rotor slots, misalignment of the motor and load shafts; these usnally lead 
to noisy operation and, eventually, to electrical failure. Of the latter may 
be mentioned such troubles as grounds, short circuits, and open circuits 
in the stator winding, and poor connections between rotor bars and end 
rings in squirrel-cage rotors; in wound rotor motors, brushes may not be 
making good contact with the slip rings. Other sources of electrical trouble 
are: low voltage which may cause a machine to run at a low speed and over- 
heat; low frequency, although this is not likely in large distribution systems; 


unbalanced voltages in polyphase systems, which may result in higher- 
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than-normal currents; single-phase operation of polyphase motors, because 
a blown fuse or an actual break in one of the line wires causes the motor to 
operate on single-phase even though it is properly started on two- or three- 
phase. Still another class of electrical troubles may be occasioned by 
several kinds of errors made in the shop when a winding is installed. 
Recognizing the fact that a polyphase winding consists of a great many 
coils which must be properly divided into p<!e groups and phases and care- 
fully interconnected with the correct polarities, parallels, and star or delta 
combinations, it is easy to see that carelessness in any of these operations 
may result in the eventual failure of the motor in service. Of the more 
common winding errors made in the shop, the following may be given: 
the various pole groups may not have the proper number of coils because 
of wrong counting; the polarity of one or more pole groups may be reversed; 
a complete phase may be reversed; one or more coils in a pole group may 
be reversed; the winding may not be connected for the name-plate voltage; 
the winding may not be connected for the name-plate speed, 7.e., the number 
of poles may be wrong. 


Grounds 

A ground in an armature winding is a direct metallic connection due to 
insulation failure between any copper conductor of the winding and the 
iron core or frame of the machine. This may be caused by defective insula- 
tion on the wire and the slot cell when the coils and insulating materials 
are roughly handled. Especially is this apt to happen where the coils bend 
around sharp corners of the laminated core ends; in other cases the insula- 
tion may become charred because of overheating of the winding. When a 
single ground does occur it is equivalent to having the entire metal frame 
as a “‘live wire’ exposed to human contact; under this condition it is 
possible for one to receive a severe shock upon contact with the machine 
if some part of the electrical system is grounded, as is usually the case. 
Should two or more grounds exist in a winding, a short circuit would be 
formed between them through the iron core; in such cases the coil or coils 
between the defects would immediately become very hot and destroy the 
surrounding insulation. In any event it is always best to detect, locate, 
and correct the failure, if possible, before harm to person or damage to 
machine is done. 


Short Circuits 

As was pointed out under “grounds,” a short circuit results when two 
copper conductors touch the core so that current can pass between them 
through the iron. More often short circuits exist in a winding without 
being grounded, because the insulation on adjacent wires or coils may fail 


212 ALTERNATING-CURRENT ARMATURE WINDINGS 


and cause a current flow in local unconventional paths. When this hap- 
pens, the windings usually become very hot and may even produce smoking 
of the insulation; in fact, if a cold motor is connected to the line, a short- 
circuited coil or winding can be detected soon thereafter by its high temper- 
ature if it is touched with the hand. In practice it is sometimes necessary 
to maintain service even though a short-circuited coil is found to exist in 
the winding. The defective cc*!, having been located, should be completely 
disconnected from its pole group, after which it is necessary to make certain 
that a continuous path is provided around the one that is removed; follow- 
ing this, the short-circuited coil must be cut at some convenient point to 
make sure that no current can flow in it because of transformer action. 


Open Circuits 

An open circuit in a winding may result from rough handling of coils 
and wires or because a poor soldering job is done. In such cases nicked 
wires may eventually give rise to broken wires, and poorly soldered joints 
may cause the electrical resistance to become excessive at the contact 
between wire ends. Such defects are readily detected because a motor will] 
fail to start when electric service is applied to an open-circuited winding. 
In rare cases a break may occur in a polyphase winding while the machine 
is in operation; under this condition there will be an excessive temperature 
just as in a motor that is single-phasing. 


Improper Connections 

In general winding practice, it is the custom to install all the coils in the 
core before they are interconnected into pole groups, phases, parallels, 
and star or delta combinations. The interconnection procedure must be 
done with great care because, with the large number of coil ends to confuse 
the operator, it is easily possible to make several kinds of errors. And, 
strangely enough, such errors, when examined in relation to available 
winding diagrams, are difficult to understand unless they are attributed 
to the careless counting of coils or the improper labeling of coil ends before 
the connections are made. Experience has shown that the winder must 
be alert against the possibility of making four kinds of improper winding 
connections. ‘These are (1) combining the wrong number of coils into pole 
groups, (2) connecting a coil in a reversed direction within a pole group, 
(3) connecting a complete pole group in a reversed direction, and (4) con- 
necting a complete phase in a reversed direction. 

1. Wrong pole grouping. ‘This fault results when the winder makes an 
error in counting coils that must be connected together into pole groups; 
in symmetrical windings all pole groups should obviously have the same 
number of coils in series. Thus, for example, all pole groups in a 72-coil 
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4-pole 3-phase winding should have 6 coils (72/4 X 3), so that the presence 
of a 5-coil and a 7-coil group would indicate that an error was made in the 
counting of coils in two adjacent pole groups. Although a fault of this 
kind is not as serious as the others listed above, when such an error is made 
it will be found that a motor will be somewhat noisier than usual. 

2. Reversing a coil within a pole group. The effect of connecting one of 
the coils within a pole group in a reversed direction with respect to its 
neighbors is equivalent to reducing the effectiveness of the group by two 
coils. The reason for this is owing to the ‘‘bucking”’ action of the reversed 
coil in its function to produce magnetism; it tends to create flux of a polarity 
that is opposite that of the other coils, so that it nullifies the magnetic 
action of one of those that are properly connected. Motors having this 
fault will be magnetically unbalanced and will show a tendency to get hot 
and be noisy. 

3. Reversing a complete pole growp. It should be clear that successive 
groups of coils in any one phase of a double-layer winding must create 
opposite magnetic polarities at the same instant, regardless of the number 
of parallels or type of interconnection. Particular attention in this regard 
is directed to many winding diagrams such as Figs. 75, 77, 79, 90, 94, 95, 
and others. When an error is made so that a complete pole group is 
reversed, the resulting magnetic field will be greatly distorted from its true 
uniform and symmetrical configuration. And, as before, such magnetic 
unbalance will manifest itself by an unusually high temperature rise and 
considerable noise when the motor is in operation. 

4. Reversing a complete phase. In three-phase windings, the electrical 
displacement between phases must be 120 electrical degrees, and this space 
separation is accomplished by properly labeling the phase ends. Referring 
again to Figs. 77 and 78, it will be observed that the correct location of the 
three “‘start’’ ends Sy, Ss, and Sc definitely establishes the 120 degree 
relationship; this obviously means that the three “finish” ends F'4, Fz, 
and F’¢ must be represented by the completion of the respective phases as 
shown in Figs. 80 and 91. Now then, should the start and finish ends of 
any one of the three phases, say phase C, be interchanged so that they are 
incorrectly labeled, the electrical position of that portion of the winding 
would be reversed. The result would be that the reversed phase C would 
be 60 electrical degrees ahead of phase B and 60 electrical degrees behind 
phase A; in other words there would be a 60-electrical degree displacement 
between phases. Figure 150 illustrates schematically how the interchange 
of the ends of phase C establishes this, most serious, improper connection. 
Proceeding further with this faulty labeling, if the star connection is then 
made, an alternator would obviously supply a system of voltages that are 
60 electrical degrees apart, and a motor would become very hot and be 
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extremely noisy. Moreover a delta connection would be even more serious 
in an alternator, because a closed path is provided for a potential difference 
that is twice the voltage rating per phase; the delta-connected motor would, 
as before, be hot and noisy. 
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(a) CORRECTLY LABELED (6) INCORRECTLY LABELED 


Fig. 150. Sketches illustrating the correct and incorrect labeling of the phase ends of 
a three-phase winding. 


Symptoms of Winding Troubles 


It has already been pointed out that short-circuited motor windings 
and those that are improperly connected will, in general, develop an ex- 
cessive temperature rise and operate quite noisily. In some cases the 
growling noise may be very noticeable, so that trouble is immediately 
indicated. In still others the noise may not be particularly recognizable 
against the usual factory background, although it may be observed that 
a machine will lose speed rapidly as load is applied. Where generators are 
concerned, it will generally be noted that proper voltage will not be main- 
tained with increasing values of load. Furthermore, a motor that has an 
open-circuited winding will not start, nor will an alternator build up voltage 
with a similar kind of trouble. In any event the causes for the faulty 
operation, as indicated by symptoms that are caused by one or more of 
several kinds of fault, are frequently difficult to determine. Experienced 
trouble shooters, however, can often diagnose and even locate a defect 
quite readily, but such ability comes only from many years of careful 
observation of large numbers and many kinds of failure. 

When trouble is suspected in a motor, it is always a good practice to 
disconnect the load and attempt to operate it free from any countertorque. 
The voltage supply should be measured, bearings and lubrication should 
be inspected, and fuses tested. Note how the machine comes up to speed 
and whether or not it operates at near-synchronous speed. Observe as 
many mechanical details as possible, such as bracket and supporting bolts, 
pulley or gear, alignment, etc., making note of any points that appear 
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suspicious. If the machine has brushes and end rings, see that good contact 
is made on the rings and that the brushes do not chatter or bind in the 
brush holders. As the motor runs, listen carefully for unusual noises; if 
there is no apparent trouble, there should be a low humming sound like 
that made by transformers. If the rotor has a fan for cooling purposes, a 
whistling sound may be heard and much air may be felt as it is blown out 
of the machine. If the speed seems to be correct, place the hand on the 
motor frame to detect any unusual vibration. An excellent test is to place 
one end of a long rod or screwdriver on the frame while holding the other 
end to the ear; motor noises are transmitted to the ear and are greatly 
amplified in this way. Try opening the switch while the motor is running, 
and note if there is any appreciable reduction in noise; if not, and the motor 
seems to vibrate, the trouble may be purely mechanical. Another simple 
test is to pass the hand around the extensions of the winding as the motor 
runs, to attempt to detect any unusual rise in temperature. Then, after 
about 5 minutes or more, shut down the machine, quickly remove one of 
the end bells, and feel around the winding for any hot places. And, while 
this is being done, look carefully for any suspicious insulation failures. Of 
particular importance in induction machines is the air gap between stator 
and rotor. If this is not practically uniform, as a careful test with a thick- 
ness gauge should reveal, it is a good indication that the bearings are not 
properly centered or are badly worn. 

If ammeters are available (the clamp-on type is excellent for this pur- 
pose), measure the no-load current in the line wires with the motor running 
free. In polyphase machines (two- and three-phase), the values should 
be nearly uniform for all phases and about 20 to 35 per cent of the full-load 
name-plate designation. Values that are excessive or are not approximately 
equal are fairly good indications that there is some sort of mechanical or 
electrical trouble. 

Having made the foregoing preliminary inspections and tests (it is often 
possible to locate the fault definitely in this way), the next step is to dis- 
mantle the machine and to proceed with a further systematic series of tests 
to find the trouble, assuming, of course, that it has not been found. These 
should be made as outlined in the following discussions. 


Locating Grounds 

With the machine dismantled, it is necessary first to perform the “ground” 
test; other tests would prove useless if the winding were not thoroughly 
insulated from the frame, especially if the winding were grounded at more 
than one point, which, in effect, represents a short circuit between any two 
such grounded coils. One way to determine if (not where) the winding is 
grounded is simply to connect one side of a 110- or 220-volt test lamp circuit 
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to a bare (unpainted) spot on the metal frame, and to connect the other side 
to any one of the winding terminals. (A lamp circuit is merely a pair of 
power leads that has an incandescent lamp connected in series in one of 
the lines.) If the lamp lights up, there is a ground. Another scheme is to 
employ a megger or magneto, either of which is connected in the same way 
as is the lamp circuit; when a handle is turned, the megger will give a visual 
indication (a meter deflection) of the insulation resistance, while a bell in 
the magneto will ring if there is a ground. Still another method makes 
use of a special high voltage transformer that develops a secondary emf 


Fig. 151. Growler used for locating short circuits and open circuits in the windings of 
a-c machines. (Vhe Martindale Electric Co.) 


of 2,500 volts or more; when the terminals are connected to the winding 
and frame in the usual way, a circuit breaker that is part of the device will 
open instantly if there is a ground. 

To locate the ground it is a common practice to apply sufficient voltage 
between a winding terminal and ground, using the equivalent of a test 
lamp circuit for this purpose, until the ground is ‘‘burned out.”’ As a rule 
this test will cause the insulation to smoke or an are to form at the point 
of trouble. In the event that the ground cannot be found in this way, it 
may be necessary to open up and isolate successive sections of the winding, 
testing each part independently until the ground is narrowed down to a 
single coil. After the grounded coil has been located, it should be carefully 
removed from the core and either repaired or replaced by a new one. 


Locating Short Circuits 

It was previously stated that a short-circuited coil can usually be located 
by running the machine without load for a few minutes and by feeling 
around the winding with the hand for evidence of unusual temperature rise. 
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This simple procedure will frequently make it possible to point directly to 
the defect. 

An extremely useful device for locating short circuits is a growler, a 
photograph of which is shown in Fig. 151. It consists essentially of a coil 
of wire wound around a laminated iron core whose surface faces are shaped 
and adjustable to conform with the inside surface of a stator. When in 
use, the growler coil is connected to an a-c source and acts as the primary 
of a transformer, the secondary of which is the motor winding when the 
device is placed into, and in contact with, the laminated stator core; the 
iron of the stator core completes the 
magnetic circuit for growler iron. To 
locate a short circuit, the device is 
slowly moved around the core as the 
successive coils are felt with the hand 
for evidence of heating; when the 
growler is directly over the center of 
the defective coil, the induced voltage 
in the latter will cause a high current 
to flow in it, since it acts exactly like 
the short-circuited secondary of a 
transformer. Another way to detect 
the short circuit is to observe an am- 
meter placed in series with the device; 
as it passes over the fault, the current Fie. 152. Hlustration showing growler 
; : ; : : ‘ of Fig. 151 in use in testing a stator. 
in the primary will rise, just as it does (The Martindale Electric Co.) 
in the secondary. Still another pro- 
cedure is to lay a strip of steel, such as a hack-saw blade, over the defective 
coil; a strong attraction between core and strip will indicate the position of 
the short-circuited coil. Figure 152 illustrates the use of the growler in the 
stator core of a motor. 


Locating Open Circuits 

When there is an open circuit in a winding, current will not flow when 
it is connected to an a-c source. In the case of polyphase motors, therefore, 
the machine will not start but will behave as though it were single-phasing 
when the line switch is closed. Assuming that the winding is connected 
series-star, the open-circuited phase is readily located if the line wires are 
opened in succession; no spark will be noted when the wire that is joimed 
to the open phase is disconnected. To locate the open-circuited phase in 
a series-delta winding, it is first necessary to disconnect one corner of the 
delta and then test for the continuity of each phase in succession. This 
may be done by using a test lamp circuit; a lighted lamp indicates a com- 
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plete phase, while one that is defective will show up because the lamp will 
not light. The portion of a winding that is open-circuited is more difficult 
to locate if there are two or more parallels in each phase, because, obviously, 
a continuity test can only be applied to sections that are completely isolated 
and independent. 

The growler, Fig. 151, can also be employed to locate an open-circuited 
coil. This may be done by successively short-circuiting individual coils 
spanned by the device as it is moved around the core; if a coil is intact, a 
spark will be observed as the shorted ends are quickly opened, while no 
spark will occur if a coil is open-circuited. 


<-- Star ports. 
Be by 


(a) PHASE A (6) PHASE B (c) PHASE C 


Fig. 153. Sketches illustrating how a 4-pole 3-phase star-connected winding is tested 
for the proper interphase labeling and connections. 


Locating Incorrect Connections 

The location of incorrect winding connections usually requires consider- 
able patience, and the results of tests are often difficult to interpret. The 
simplest way to proceed is to employ a source of low-voltage direct current 
and a compass. ‘The first step is to place the stator core and its winding, 
if that is what is being tested, on a test bench on end, 7.¢., with extended 
coil ends vertical. The d-c supply, usually a dry cell or a storage battery, 
is next connected to each isolated phase in turn, and a small compass, with 
its face upward, is slowly moved around the inside circumference of the 
core. Careful note is then taken of whether the north end of the compass 
deflects toward or away from the core. 

Assume that the winding is connected series-star and that it is desired 
to locate a reversed coil in one of the pole groups. With the d-c supply 
connected to one line terminal and the star point, 7.e., one of the phases, 
the compass is slowly moved from coil to coil. If there is no reversed coil 
in the phase, the north end will deflect in the same direction (in, for 
example) for all coils of each pole group pnd will reverse for successive pole 
groups. However, when the compass reaches a reversed coil, the compass 
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will show a tendency to reverse direction within the pole group. When 
the test upon the first phase has been completed, the d-c supply is shifted 
to the second and third phases, as the same procedure is repeated in each 
case. 


a Sa 


Fra. 154. Composite diagram showing magnetic polarities in a 4-pole 3-phase star- 
connected winding when tested for the proper interphase labeling. See Fig. 153 for the 
individual! phase test results. 


Ifa complete pole group in a phase is reversed, the compass needle will 
deflect in the same direction (in, for example) for three successive pole 
groups of the same phase. 

To determine whether or not a complete phase is reversed in a three- 
phase winding, it is extremely important that the d-c source be applied 
successively with the correct polarities (+ and —) to the three phases. 
Assuming, as before, that the winding connection is series-star, arbitrarily 
connect the plus (+) terminal to one line lead, phase A, and the minus 
(—) terminal to the star point. Move the compass around the core in the 
usual way and observe the deflections; these are shown, in Fig. 158a, for a 
four-pole machine. Next, shift theyplus (+) terminal to a second line lead, 
phase B, and repeat the compass test; the results are shown in Fig. 1530. 
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Finally shift the plus (+) terminal to the third line lead, phase C, and again 
observe the compass deflections; Fig. 153¢ indicates the needle directions. 
Now then, looking at all three diagrams simultaneously, it will be observed 
that successive compass deflections reverse from pole group to pole group com- 
pletely around the circumference if, and only if, the phases are properly inter- 
connected. This is better illustrated by Fig. 154, which is a composite 
diagram of the three sketches of Fig. 153. However, if one of the phases, 
phase C, for example, had been reversed, the compass deflections of pole 
groups 5, 8, 11, and 2 would have been reversed; under this condition the 
magnetic polarities would have reversed only after a succession of three 
similar deflections. 

If the winding had been connected in delta, the same polarity tests 
would have been made only after the corners of the delta were opened. 
Then, for a correct succession of north and south poles, the three line leads 
S.4, Ss, and Sc would have been connected to the plus (+) terminal of the 
battery, and the three line leads Ff4, F's, and F¢ would have been con- 
nected to the minus (—) battery terminal. 


Summary 


1. Because a-c induction-type machines do not generally have commu- 
tators, they are less likely to develop trouble than those designed for d-c 
service. 

2. A-c machines sometimes develop trouble because: there is excessive 
heating due to overloads; ventilation is poor; squirrel-cage connections 
between rotor bars and end rings are loose; bearings are worn or are installed 
eccentrically; a motor is started and stopped frequently with excessive 
starting currents; objectionable surroundings, such as moisture, chemical 
fumes, dirt, etc., may exist; a machine may be operated on the wrong volt- 
age or frequency; windings may be improperly connected. 

3. Troubles in induction machines may be divided into two classes, 
namely, mechanical and electrical. 

4. Several kinds of mechanical troubles are: loose bearings; misalign- 
ment of motor and load shafts; unbalanced rotors; loose bars in the rotor 
slots; eccentric or bent shafts; and others. 

5. Electrical troubles may be classified as follows: grounds; short 
circuits; open circuits; poor connections between rotor bars and end rings; 
poor brush contacts on slip rings; low voltage; low frequency; unbalanced 
polyphase voltages; single-phasing of polyphase machines; incorrect wind- 
ing connections. 

6. A grounded winding may be responsible for a severe human shock 
if some part of the electrical system is grounded. 
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7. When a winding has two or more grounds, current can pass between 
the faults; the winding is then short-circuited as well as grounded. 

8. Short-circuited windings cause currents to flow in local unconven- . 
tional paths that heat the machine unduly. 

9. ‘To maintain service, it is sometimes necessary to disconnect a short- 
circuited coil from its pole group, connect around it, and cut the defective 
coil so that no current can flow through it. 

10. Open circuits usually occur because of rough handling or careless 
soldering of connections. 

11. Polyphase motors with open-circuited windings will not start. 

12. Several kinds of improper winding connections may be made in the 
shop. These are: wrong pole grouping; reversing a coil within a pole group; 
reversing a complete pole group; reversing a complete phase. 

13. Besides overheating and failure to start, motors, whose windings have 
failed or are improperly connected, may operate noisily. 

14. When trouble is suspected, a machine should be disconnected from 
its load and examined carefully for mechanical defects first. 

15. After a motor has been examined for possible physical faults, it 
should be operated at no load. While running, it should be inspected for 
noise, temperature rise, line currents, and other unusual evidences of 
trouble. 

16. A ground test may be performed in various ways. These employ: 
a lamp circuit; a megger; a magneto; a special high-voltage transformer. 

17. Short circuits may be located by feeling the winding for unusual 
temperature rise or by using a growler. 

18. A growler is a commonly employed device that is essentially the 
primary of a transformer; the secondary is the motor winding when the 
device is properly placed in contact with the stator core. 

19. Open-circuited coils may be located by the use of a growler, although 
a test-lamp circuit will generally be employed to determine which winding 
section is open. 

20. The most common method for locating improper winding connec- 
tions is to employ a source of low-voltage direct current and a compass. 


Appendix 


APPENDIX A 
NaruraL Sines, Cosines, TANGENTS, AND CoTANGENTS 
Ogtorze 3° t0Or 
sin cos tan cot sin cos tan cot 
0 |.000000 1.00000 .00000 90° || 3° | .05234 .99863 .05241 19.081 |87° 
5! 1454 1.00000 145 687.55 |55’ |/10’ 524 847 5383 18.075 |50’ 


10’ 2909 1.00000 291 343.77 |50’ |/20’ | .05814 831 .05824 17.169 /|40’ 
15’ 4363 0.99999 436 229.18 |45’ ||30’ | .06105 813 .06116 16.350 |30’ 
20’ 5818 998 582 171.89 |40’ |/40’ 395 795 408 15.605 |20’ 
25/ 7272 997 727 137.51 85’ |/50’ 685 776 700 14.924 |10’ 


30’ |.008727 996 .00873 114.59 |30’ || 4° | .06976 .99756 .06993 14.301 [86° 
35’ |.010181 995 .01018 98.218 25’ ||10’ | .07266 736 .07285 132727 50" 
40’ 1635 993 164 85.940 |20’ ||20’ 556 714 578 13.197  |40’ 
45’ 3090 991 309 76.390 |15’ 30’ .07846 692 .07870 12.706 /30 
50’ 4544 989 455 68.750 |10’ ||40’ | .08136 668 .08163 12.251 |20’ 


55’ 5998 987 600 62.499 | 5’ |\50’ 426 644 456 11.826 |10’ 
1° |.017452 .99985 .01746 57.290 |89° || 5° | .08716 .99619 .08749 11.430 |85° 
5’ |.01891 982 .01891 52.882 |55’ |/10’ | .09005 .99594 .09042 11.059 50’ 
10’ |.02036 979 .02036 49.104 |50’ ||20’ 295 567 335 10.712 |40’ 
15’ 181 976 182 45.829 |45’ ||30’ | .0585 540 629 .385  |30’ 
20’ 327 973 328 42.964 |40’ |/40’ | .9874 511 .09923 10.078 |20’ 
25’ 472 969 473 40.486 |35’ |/50’ | .10164 482 .10216 9.7882 |10’ 
30’ 618 966 619 38.188 |30’ || 6° | .10453 .99452 .10510 9.5144 /84° 
35’ 763 962 764 36.178 |25’ ||10’ | .10742 421 .10805 2553 |50’ 
40’ |.02908 958 .02910 34.368 |20’ ||20’ | .11031 390 .11099 9.0098 |40’ 
45’ |.03054 953 .03055 32.730 |15’ |/30’ 320 307 394 8.7769 |30’ 
50’ 199 949 201 31.242 |10’ |/40’ 609 324 688 -5555 1207 
55’ 345 944 346 29.882 | 5’ |/50’ | .11898 290 .11983 .38450 |10’ 


2° |.03490  .99939 .03492 28.636 [88° || 7° | .12187 .99255 .12278 8.1443 |83° 
5’ 635 934. 638 27.490 |55’ |/10’ 476 219 574 7.9530 |50’ 


10’ 781 929 783 26.4382 |50’ |/20’ | .12764 182 .12869 .7704 |40’ 
15’ |.03926 923 .03929 25.452 |45’ 1/30’ | .13053 144 .13165 .5958 |30’ 
20’ |.04071 917 .04075 24.542 |40’ ||40’ 341 106 461 .4287 20’ 
2) 217 911 220 23.695 135’ 1/50’ 629 067 .13758 .2687 |10’ 
30’ 362 905 366 22.904 30’ |) 8° | .13917 .99027 .14054 7.1154 |82° 
Bs 507 898 512 22.164 |25’ 1/10’ | .14205 .98986 351 6.9682 |50’ 
40’ 653 892 658 21.470 |20’ ||20’ 493 944 648 .8269 |40’ 
45’ 798 885 803 20.819 |15’ 1/30’ | .14781 902 .14945 .6912 |30’ 
50’ |.04943 878 949 20.206 |10’ ||40’ | .15069 858 .15243 .5606 |20’ 
55’ |.05088 870 .05095 19.627 | 5’ ||50’ 356 814 540 .4348 |10’ 
cos sin cot tan cos sin cot tan 
88° to 90° 82° to 87° 
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APPENDIX 


Natura Sines, Costnes, TANGENTS, AND Corancenrs. (Continued) 
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9° to 14° 15° to 20° 
a ee nen saree ee ee ee ee See 
sin cos tan cot sin cos tan cot 
9° | .15643 .98769 .15888 6.3138 |81° //15° | .25882 .96593 .26795 3.7321 175° 
107) 15931 723 .161387 .1970 50’ |/10’ | .26163 517 227107 6891), 150" 
20’ | .16218 676 485 6.0844 |40’ ||20’ 443 440 419 .6470 |40’ 
30’ 505 629 .167384 5.9758 30’ ||380’ | .26724 363) 27732 46059307 
40’ | 16792 580 .17033 .8708  |20’ ||40’ | .27004 285 .28046 .5656 |20’ 
50’ | .17078 531 3383 .7694 |10’ |/50’ 284 206 360 .5261 /|10’ 
10° | .17365 .98481 .17633 5.6713 80° ||16° | .27564 .96126 .28675 3.4874 [74° 
10’ 651 430 .17933  .5764 |50’ ||10’ | .27843 .96046 .28990 .4475 50’ 
2s 7037 378 .18233 .4845 |40’ ||/20’ | .28123 .95964 .29305 4124 40’ 
30’ | .18224 325 584 .3955 |30’ |/30’ 402 882 621 3759 = |30’ 
40’ 509 272 .188385  .3093 |20’ |/40’ 680 799 .29938  .3402 |20/ 
50’ | .18795 218 .19186 .2257 /|10’ |/50’ | .28959 15 .FO255 BY | lay’ 
11° | .19081 .98163 .19438 5.1446 79° ||17° | .29237 .95630 .30573 3.2709 /|73° 
10’ 366 107 .19740 5.0658 {50’ ||10’ 515 545 .30891 2371 +1507 
20’ 652 .98050 .20042 4.9894 |40’ |/20’ | .29793 459 .31210 2041 40’ 
30’ | .19937 .97992 345 .9152 /30’ |/30’ | .30071 BP 530 1716 |30’ 
40’ | .20222 934 648  .8430 20’ |/40’ 348 284 .31850 39a 200 
50’ 507 875 .20952 .7729 10’ |\50’ 625 195 .32171 1084 10’ 
12° | .20791 .97815 .21256 4.7046 |78° |/18° | .30902 .95106 .32492 3.0777 |72° 
10’ | .21076 754 560 .6382 (|50’ |/10’.| .31178 .95015 .32814  .0475 |50’ 
20’ 360 692 .21864  .5736 |40’ ||20’ 454 .94924 .33136 3.0178 |40’ 
30’ 644 630 .22169 .5107 30’ ||380’ | .31730 832 460 2.9887  |30/ 
40’ | .21928 566 475 .4494 20’ ||40’ | .32006 740 .33783  .9600 |20’ 
OY || pe 502 .22781 .3897 10’ ||50’ 282 646 .34108  .9319 10’ 
WIG | Dey OAS Rey 4.8 fra ini || Blelyy Ovi cee) Bub) aly 
10’ | .22778 371 393. .2747 50’ ||10’ | .32832 457 .34758 8770  |50’ 
20’ | .23062 304 .23700 .2193 |40’ ||20’ | .33106 361 .35085  .8502 /|40’ 
30’ 345 237 .24008  .16538 30’ |/30’ 381 264. 412.8239 ~=—|30’ 
40’ 627 169 SIG 26) 12079 )|402 655 167 .35740 .7980 |20’ 
50’ | .23910 100 624 .0611 10’ ||50’ | .33929 .94068 .36068  .7725 10’ 
14° | 24192 .97030 .249383 4.0108 [76° ||20° | .34202 .93969 .36397 2.7475 |70° 
10’ 474 .96959 .25242 3.9617 |50’ ||10’ 475 869 .36727 .7228 |50’ 
20’ | .24756 887 552 .9136 |40’ ||20’ | .34748 769 .37057 6985 40’ 
307) 225038 815 .25862  .8667 30’ |/30’ | .35021 667 388  .6746 |30’ 
20’ 320 742 .26172 .8208 20’ |/40’ 293 SGD G20 Ooi 20) 
50’ 601 667 483 .7760 10’ ||50’ 565 462 .38053 .6279 10’ 
cos sin cot tan cos sin cot tan 
76° to 81° 70° to 75° 
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21° to 26° 27° to 33° 
sin cos tan cot sin cos tan cot 
21° | 35837 .93358 .38386 2.6051 |69° ||27° | .45399 .89101 .50953 1.9626 (63° 
10’ | .36108 258 .88721 .5826 50’ |/10’ 658 .88968 .51319 486 |50’ 
20’ 379 148 .39055 .5605 |40’ |/20’ | .45917 835 .51688 347 ~—s«|40’ 
30’ 650 .93042 391 .5386 {30’ ||30’ | .46175 701 .52057 210 =|30’ 
40’ | .36921 .92935 .39727 .5172 |20’ ||/40’ 433 566 427 .9074 |20’ 
50’ | .37191 827 .40065 .4960 10’ ||50’ 690 431 .52798 1.8940 10’ 
22° | 37461 .92718 .40403 2.4751 68° ||28° | .46947 .88295 .53171 1.8807 |62° 
10’ 730 609 .50741 .4545 50’ |/10’ | .47204 158 545 676 ~=|50’ 
20’ | .37999 499 .41081 .4342 40’ |/20’ 460 .88020 .53920 546 40’ 
30’ | .38268 388 A? eek 2 oO a oOn 716 .87882 .54296 418 {30 
40’ 537 276 .41763  .3945 |20’ ||40’ | .47971 743 .54673 291 20’ 
50’ | .38805 164 .42105 .3750 10’ ||50’ | .48226 603 .55051 165 |10’ 
23° | .39073 .92050 .42447 2.3559 (67° ||29° | .48481 .87462 .55431 1.8040 {61° 
10’ 341 .91936 .42791 .3369 50’ ||10’ 735 321 .55812 1.7917 |50’ 
20’ 608 822 .43136  .3183 |40’ |/20’ | .48989 178 .56194 796 40’ 
30’ | .39875 706 481 .2998 80’ |/30’ | .49242 .87036 577 §75 30’ 
40’ | .40141 590 .48828  .2817 |20’ |/40’ 495 .86892 .56962 556 20’ 
50’ 408 472 .44175 .2637 10’ ||50’ | .49748 748 .57348 AS (ane 
24° | 40674 .91355 .44523 2.2460 66° ||80° | .50000 .86603 .57735 1.7321 {60° 
10’ | .40939 236 .44872 .2286 |50’ |/10’ 252 457 .58124 205 150’ 
ZO 1204 OG 4 5222) 213 Of 207 503 310 513 .7090 40’ 
30’ 469 .90996 573 .1943 |30’ ||30’ | .50754 163 .58905 1.6977  |30’ 
40’ 734 875 .45924 .1775 |20’ ||40’ | .51004 .86015 .59297 864 20’ 
50’ | .41998 753 .46277 .1609 10’ ||50’ 254 .85866 .59691 TosmeLOn 
25° | .42262 .90631 .46631 2.1445 |65° ||31° | .51504 .85717 .60086 1.6643 |59° 
10’ 525 507 .46985 .1283 (|50’ ||10’ | .51763 567 483 5384 150 
20’ | .42788 B83) A (34. L237 91407207 52002 416 .60881 426 40’ 
30’ | .43051 259 .47698 2.0965 |30’ ||30’ 250 264 .61280 319 |30/ 
40’ 313 1338 .48055 809  |20’ ||40’ 498 .85112 .61681 212204 
50’ 575 .90007 414 655 |10’ |/50’ 745 .84959 .62083 107 ~—‘|10’ 
26° | .43837 .89879 .48773 2.0503 |64° |/32° | .52992 .84805 .62487 1.6003 [58° 
10’ | .44098 752 .49134 353 ~=-|50’ |/10’ | .53238 650 .62892 1.5900 |50’ 
20’ 359 623 495 204 |40’ |/20’ 484 495 .63299 798  |40’ 
30’ 620 493 .49858 2.0057 |30’ |/30’ 730 339 .63707 697  |30’ 
40’ | .44880 363 .50222 1.9912 20’ ||40’ | .53975 182 .64117 597 1207 
50’ | .45140 282 587 768 |10’ ||50’ | .54220 .84025 528 497 10’ 
cos sin cot tan cos sin cot tan 
64° to 69° 58° to 63° 


ALTERNATING-CURRENT ARMATURE WINDINGS 


NarurauL Sings, Cosinges, TANGENTS, AND CoraNnGents. (Continued) 


APPENDIX 


= =< ; 
Natura Sines, Cosines, TANGENTS, AND COTANGENTS. (Continued ) 


33° to 38° 
co a ac 


39° to 45° 
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sin cos tan cot sin COs tan cot 

33° | .54464 .83867 .64941 1.5399 /57° |/89° | .62032 .77715 .80978 1.2349 |61° 
10’ 708 708 .653855 301 ‘50’ 10’ .63158 531 .81461 276 |50’ 
20’ | .54951 549 .65771 204 |40’ 20’ 383 347 .81946 203 |40’ 
30’ | .55194 389 .66189 108 {|30’ |/30’ 608 .77162 .82434 131 |30’ 
40’ 436 228 .66608 .5013 |20’ |/40’ | .63832 .76977 .82923 .2059 20’ 
50’ 678 .83066 .67028 1.4919 ‘10’ 50’ 64056 791 .83415 1.1988 |10’ 
34° | .55919 .82904 .67451 1.4826 (56° ||40° | .64279 .76604 .83910 1.1918 |50° 
10’ | .56160 741 .67875 733 |50’ |/10’ 501 417 .84407 847 |50’ 
20’ 401 577 .68301 641 40’ [20’ (P23 229 .84906 778  |40/ 
30’ 641 413 .68728 550 |30’ 1/30’ .64945 .76041 .85408 708  |30’ 
40’ . 56880 248 .69157 460 20’ |/40’ .65166 .75851 .85912 640 |20’ 
50’ | .57119 .82082 .69588 370 |10’ ||50’ 386 661 .86419 571 10’ 
35° | .57858 .81915 .70021 1.4281 (55° 141° | .65606 .75471 .86929 1.1504 |49° 
10’ 596 748 455 193 |50’ |/10’ | .65825 280 .87441 436 |50’ 
20’ .57833 580 .70891 106 |40’ ||20’ | .66044 .75088 .87955 369 40’ 
30’ | .58070 412 .71329 .4019 30’ 30’ 262 .74896 .88473 303/30’ 
40’ 307 242 .71769 1.3934 |20’ |/40’ 480 703 .88992 DE PAY 
50’ 5438 .81072 .72211 848 |10’ ||50’ 697 509 .89515 7 LO? 
36° | .58779 .80902 .72654 1.3764 (54° 42° | .66913 .74314 .90040 1.1106 /48° 
10’ | .59014 730 .73100 680 |50’ |/10’ | .67129 .74120 .90569 1.1041 |50’ 
20’ 248 558 547 597 40’ |/20’ 344 .73924 .91099 1.0977 |40’ 
30’ 482 386 .73996 514 |30’ |/30’ 559 728 .91633 913 |30’ 
40’ 716 212 .74447 432 |20’ ||40’ 773 spill SPA 850 |20’ 
50’ | .59949 .80038 .74900 351 |10’ ||50’ | .67987 333 .92709 786 |10’ 
Sia GO182 279864275355. 1.38270 153° 148° | 68200 .73185 293252 1.0724 47° 
10’ 414 688 .75812 190 |50’ |/10’ 412 .72937 .93707 661 |50’ 
20’ 645 SIP) A) el BO? | poy 624 737 .94345 599 |40’ 
30’ | .60876 335 .76733  .3032 |30’ |/30’ | .68835 537 .94896 538 [30 
40’ | .61107 .79158 .77196 1.2954 20’ ||40’ | .69046 337 .95451 477 |20’ 
50’ 337 .78980 .77661 876 |10’ ||50’ 256 .72136 .96008 416 10’ 
38° | .61566 .78801 .78129 1.2799 |52° ||44° | .69466 .71934 .96569 1.0355 |46° 
10’ 61795 622 .78598 723 =\507 ||107 675 713) Os} 295 |50’ 
20’ 62024 442 .79070 647 |40’ |/20’ | .69883 529 .97700 235 |40’ 
30’ 251 261 .79544 572 |30’ ||380’ | .70091 325 .98270 176 |30’ 
40’ 479 .78079 .80020 497 |20’ ||40’ 298 .71121 .98843 ilileg -— |OY 
50’ 706 .77897 498 423 |10’ |\50’ 505 .70916 .99420 058 {10° 

45° | .70711 .70711 1.00000 1.0000 /|45° 

cos sin cot tan cos sin cot tan 
52° to 57° 45° to 51° 
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Index 


A Concentric-chain windings, 71, 72, 81, 82 
double, 73 
Alternator, generated voltage in, 10, 13 single, 73 
three-phase, 2 triple, 73 
Ampere-turns, 20 Concentric windings, 3, 19, 29, 32, 35 
Armature winding comparisons, 1 Connection, bottom-to-bottom, 115 
Auxiliary windings, 40, 46, 49 bottom-to-top, 115 
uses of, 41 delta, 16, 87, 129 
star, 16, 86, 129 
B top-to-bottom, 115 
top-to-top, 115 
Bars, straight, 72 two-parallel, 36 
zig-zag, 182 
C Connections, equalizer, 185 
additional facts about, 191 
Capacitor, electrolytic-type, 44 improper, 212 
oil-type, 44 locating, 218 
Centrifugal switch, 42 lap winding, 111 
Changes, frequency, 198 star-delta, 131 
in number of phases, 200 Connectors, involute, 72 
in number of poles, 204 Consequent-pole windings, 57, 62 
three-phase winding, 130 Constructions, coil, 71 
two-phase winding, 131 lap winding coil, 108 
voltage, 130, 195 
winding, 194 D 
Coil, fed-in, 71 
fractional-pitch, 11 Degrees, electrical, 9 
full-pitch, 11 Delta connection, 16, 87, 129 
Coil arrangement in windings, 5 Displacement, phase, 67 
Coil constructions, 71 Distributed windings, 12 
Coil shapes, special, 89 Distribution factor, 12 
Coil span, 137 Double-layer windings, 93 
Coils, hand-wound, 71 Duplex-wave windings, 4 
hit-or-miss, 21 
mush, 21 E 
phase displacement of, 108 
pushed-through, 72 Electrical degrees, 9 
threaded, 71 Equalizer connections, 185 
types of, 67 additional facts about, 191 
Comparisons, armature winding, 1 theory of, 187 
Concentrated windings, 12 Equipment, special, 50 
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F 


Factor, distribution, 12 
pitch, 11 

Fractional-pitch windings, 11, 134, 137 
installing, 139 

Frequency, 8 

Frequency changes, 198 

Frog-leg windings, 3 

Full-pitch winding, 11 


G 


Gang, three-coil, 110 
Gang mold, 21 

Ground, 118, 211 
Grounds, locating, 215 
Growler, 216 

Gun, stator winding, 51 


H 


Half-coiled windings, 81, 86, 87 
Hand windings, 51 

Hit-or-miss coils, 21 
Horsepower, motor, 169 


I 


Improper connections, 212 
Insulation, Formez, 118 

Formvar, 118 

phase, 118 ; 
Insulation in windings, 6, 110, 118 
Interconnections, pole group, 114 
Involute connectors, 72 


L 


Lap windings, 3, 71, 77, 107 
fractional-slot, 144 
symmetrical, 144 
systematic, 147 

_ unsymmetrical, 146 

Leakage reactance, 136 

Line wires, termination of, 116 


M 


Machines, three-phase, 67 
two-phase, 67 


Magnetic field, 1 
revolving, 1 
Magnetic unbalance, 186 
Main windings, 40, 46, 49 
Mold, gang, 21 
Motor, constant-horsepower, 169, 172 
constant-torque, 169, 170 
multispeed, 163, 173, 179 
single-phase, 2 
split-phase, 1, 45 . 
three-phase, 2 
variable-torque, 169, 173 
Motor noise, 185 
Motor projects, for school shops, 53 
Motors, capacitor-start, 43 
four-winding, 56, 59 
multispeed, 179 
permanent capacitor, 45 
pole-changing, 56 
repulsion, 28 
windings for, 29 
speed of a-c, 9 
split-phase, 40 
reversing of, 48 
two-voltage, 48 
windings for, 40, 45, 48 
three-winding, 62 
two-speed, 56, 62 
two-value capacitor, 44 
Mush coils, 21 


N 
Neutral point, 3 
Noise, motor, 185 
O 
Open circuits, 212 
locating, 217 
I 
Paths, 1 
parallel, 4 


Pitch, fractional, advantages of, 135 
definition of, 134 
full, 11 
Pitch factor, 11 
Pole group, voltage per, 122 
Principle, series-parallel, 167 


INDEX 


Principles, of a-c machines, 8 
winding-changes, 194 
Projects, motor, 53 


R 


Reactance, leakage, 126 
Repulsion motors, reversing, 37 
stators for, 28 
windings for, 28 
Rotary converter, 1 
Rotors, cast aluminum, 179 
squirrel-cage, 179 
wound, 179 


Short circuits, 211 
locating, 216 
Single-layer winding, 21, 22, 71 
Single-phase winding, 19 
Skein winding, 23, 29, 35, 46 
Span, coil, 137 
Speed, motor, 169 
synchronous, 9 
Spiral winding, principle of, 3, 19 
Split-phase motor, 40, 48 
Squirr. . cage, 179 
Star connection, 16, 86, 129 
Star point, 3 
Stators, repulsion motor, 28 
two-winding, 163, 164 
Straight bars, 72 
Switch, centrifugal, 42 
Symmetrical lap windings, 144 
Synchronous speed, 9 
Systematic lap windings, 147 
rules for, 147 
special rules for, 155 
Systems, three-phase, 68 
two-phase, 68 


fh 


Three-phase windings, 14, 69, 82, 96, 124, 
130, 202 
Three-speed windings, 176 
Torque, motor, 169 
Transformations, three-phase, 130 
Troubles, winding, 210 
kinds of, 210 
symptoms of, 214 
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Two-phase windings, 14, 69, 84, 94, 147, 
202 

Two-speed windings, 56, 59, 62, 163, 166 

Two-voltage windings, 34, 48 

Two-winding stator, 163, 164. 


U 


Unbalance, magnetic, 186 
Unsymmetrical lap windings, 146 
Unsystematic polyphase windings, 158 


V 


Voltage, alternator, 10, 18 
Voltage changes, 130, 195 


W 


Wave windings, 3, 71, 74, 93, 97, 102 
simplified diagram for, 102 
unequal pole groups in, 103 

Waves, voltage, 68 

Whole-coiled windings, 93 

Winding changes, 130, 131 

Winding connections, 122 

Winding transformations, 127 

Windings, auxiliary, 40, 46, 49 
changes in, 130, 131 
closed-circuit, 2 
coil arrangement in, 5 
concentrated, 12 
concentric, 3, 19, 29, 32, 35 

connecting, 22 
concentric-chain, 71, 72, 81, 82 
connections of, 122 
consequent-pole, 57, 62, 166, 180 
conventional, 57, 166, 180 
delta-connected, 3, 129 
different voltage, 122 
distributed, 12 
double-layer, 93 
dual-voltage, 124 
duplex-wave, 4 
equalized polyphase, 189 
equalizer connections for, 185 
four-parallel delta, 123 
four-speed, 174 
fractional-pitch, 11, 134, 137 

installing and connecting, 139 
fractional-slot lap, 144 
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Windings, frog-leg, 3 


full-piteh, 11 

grounds in, 211 

gun for stator, 51 

half-coiled, 81, 86, 87 

hand, 50 

improper connections in, 212 

insulation in, 6, 110, 118 

interconnections in, 114 

lap, 3, 71, 77, 107 
symmetrical, 144 
systematic, 147 
unsymmetrical, 146 

main, 40, 46, 49 

mesh-connected, 3 

multiplex, 2 


multispeed motor, 163, 173, 179 


open-circuit, 2 

open circuits in, 212 

paths in d-c and a-c, 4 

polyphase, types of, 71 
unsystematic, 158 

reentrant, 2 

repulsion motor, 28 

short circuits in, 211 


ALTERNATING-CURRENT ARMATURE WINDINGS 


Windings, simplex-lap, 4 


simplex-wave, 4 
single-layer, 21, 22, 71 
single-phase, 19 

skein, 23, 29, 35, 46 
special, 62 

special equipment for, 50 
spiral, 3, 19 

split-phase motor, 40, 48 
star-connected, 129 
systematic lap, 147 


three-phase, 14, 69, 82, 96, 124, 130, 


202 
three-speed, 176 
transformation of, 127 
troubles in, 210 
two-parallel, 47, 126 
two-phase, 14, 69, 84, 94, 147, 202 
two-speed, 56, 59, 62, 163, 166 
two-voltage, 34, 48 
types of d-c and a-c, 3 
types of polyphase, 67 
unsystematic polyphase, 158 
wave, 3, 71, 74, 93, 97, 102 
whole-coiled, 93 
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